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ABSTRACT
Spark Milling (Electrical Discharge Assisted Mechanical Milling) utilises a novel chemical
reactor which combines the features of mechanical milling and transferred-arc plasma
processing. This combination of techniques has shown great promise in inducement of chemical
reactions whilst simultaneously controlling powder morphology. During synthesis reactions,
orders of magnitude increases in reaction rates are experienced compared to mechanical milling
in the absence of a plasma arc.
Recent work has extended the application of Spark Milling to the inducement of reduction
reactions in a commercial grade mineral concentrate. This has identified the need to undertake
further experimentation. Firstly, to assess the possibility of inducing other minerals processing
reactions that might have commercial value and secondly to characterise the effect that variation
of physical and electrical set points on the Spark Mill has on the processing conditions within the
reactor. The two groups of materials selected for this study are basic Steelmaking fluxes
(carbonate minerals) and metallurgical coke.
This research demonstrates the ability of Spark Milling to induce calcination of the raw
Steelmaking fluxes limestone and dolomite as well as the ability of Spark Milling to induce
graphitisation of metallurgical coke. Phase changes which occur during these reactions are
identified using XRD (X-ray Diffraction) and selected microstructures are also characterised by
using SEM (Scanning Electron Microscopy). In addition, the average crystal plane height of
coke processed by this method is calculated for coke samples Spark Milled over a range of set
points and subsequently used to quantify the impact of these set points and to show that the
temperatures experienced during Spark Milling can be greater than 1873K (1600ºC).
This thesis report provides an overview of previous Spark Milling work as well as modern
methods of calcination of raw Steelmaking fluxes. An explanation of the mechanism of coke
graphitisation is also provided. Following this, the experimental method and results from
laboratory work are presented. These results are analysed and discussed with a view to
understanding their mechanisms, relevance and limitations with regard to the use of Spark
Milling in industry as a bulk minerals processing reactor.
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1
INTRODUCTION
1.1

Introduction

The purpose of this thesis research is to determine if Spark Milling can induce calcination of
carbonate minerals used as Steelmaking fluxes and to quantify the extent of graphitisation of
metallurgical coke when processing over a range of Spark Milling electrical and mechanical
settings. By doing this, a better understanding of the impact of Spark Mill settings can be
developed.
Extraction of metals from naturally occurring minerals has occurred for thousands of years. Over
this time extraction processes have been continually refined, improved or replaced to increase
production rates, improve efficiency and decrease costs. In modern times, society has become
increasingly focussed on the impact these processes have on the environment. Minimising this
impact has added another dimension to the drive for development of new or improved minerals
processing techniques. This includes techniques not only for the extraction step itself, but also in
preparation of reagent materials such as fluxes and reductants.
Two conventional processes which are used to facilitate minerals processing and extraction are
reactive mechanical milling and plasma processing. Spark Milling is a relatively new process
which combines these two technologies by submitting powders to a mechanical milling mode,
whilst concurrently exposing the milling environment to pulsed plasma arc discharges. This
amalgamation of processing techniques gives rise to simultaneous reaction of materials and
controlled refinement of size and morphology. In addition, potential exists for improvement in
efficiency of materials and energy consumption, whilst reducing environmental impacts.
Spark Milling has been demonstrated as an effective tool for inducing rapid reaction rates in
solid-solid systems and solid-gas systems. Control over degree of reaction and particle
morphology has also been demonstrated. Work conducted so far has demonstrated synthesis
reactions from elemental powders and reduction of both hematite (Fe2O3) and ilmenite (FeTiO3)
mineral concentrates. With this in mind, it is possible that other minerals processing reactions
can be induced such as the graphitisation of coke as well as the calcination of the carbonates
limestone (CaCO3) and dolomite (MgCa[CO3]2), to the Steelmaking fluxes lime (CaO) and doli
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(MgO and CaO). In addition, there are four Spark Milling process variables whose impacts on
chemical reactions require quantitative investigation.
This research project uses XRD to examine the chemical phase changes induced by Spark
Milling of limestone, dolomite and metallurgical coke. XRD is also used to determine the Lc
(average crystal plane height) of coke when processed by Spark Milling over a range of process
variables to quantify their impact on the degree of coke graphitisation and to estimate the
processing temperatures experienced by each coke sample. SEM is also utilised in order to
characterise the microstructural evolution of lime and doli from their uncalcined starting
materials during calcination by Spark Milling. The identified chemical and physical changes in
these materials are subsequently discussed with a view to potential applications and
consequences for Spark Milling in a commercial minerals processing environment.

1.2

Thesis aims and objectives

The aim of this study is to investigate phase changes and other phenomena induced during Spark
Milling of limestone, dolomite and coke and to quantitatively characterise the impact of the
following four Spark Milling set points;
•

Spark Milling Duration

•

Spark Mill Electrical Pulse Duration

•

Spark Mill Current Intensity

•

Spark Mill Vibration Amplitude

The objectives of this thesis are;
•

To induce calcination of limestone during Spark Milling

•

To induce calcination of dolomite during Spark Milling

•

To induce calcination of limestone in the presence of iron ore to produce ferruginous
lime during Spark Milling

•

To induce graphitisation of metallurgical coke over a range of Spark Milling variables

•

To measure the degree of coke graphitisation after Spark Milling coke samples over a
range of Spark Mill electrical and mechanical set points by calculating the average coke
crystallite height, Lc

•

To quantify the impact of variation to Spark Milling settings using the calculated Lc

•

To identify the product phases of Spark Milling using X-ray powder diffraction
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•

To characterise the evolution of microstructural changes and phase development during
calcination of limestone and dolomite during Spark Milling using Scanning Electron
Microscopy

•

To explain the presence of product phases induced by Spark Milling

•

To estimate temperatures during Spark Milling using a linear relationship between the
calculated coke Lc and temperature developed by previous authors

1.3

Methodology

To achieve the aims of this study the following methodologies were devised.

Calcination of Steelmaking Fluxes
•

Confirm chemical phases present in starting powder mixtures using XRD

•

Conduct preliminary work by trial and error to determine Spark Mill settings suitable for
inducing the desired chemical reactions. XRD is to be used to assess the chemical phases
present in the products of Spark Milling trials

•

Spark Mill starting powders for a range of durations using these settings to induce
complete chemical reaction and provide an indication of the required milling duration

•

Determine chemical phases present in the products of Spark Milling using XRD

•

Characterise selected products using SEM

Graphitisation of Coke & Characterisation of Spark Mill Set Points
•

Confirm chemical phases present in starting powder mixtures using XRD

•

Calculate the average crystal plane height (Lc) of starting coke powder by using the
Scherrer Equation and XRD

•

Spark Mill coke powder over a range of set points for;
o Spark Milling Duration
o Spark Mill Electrical Pulse Duration
o Spark Mill Current Intensity
o Spark Mill Vibration Amplitude

•

Calculate the processing temperatures during Spark Milling of metallurgical coke by
using the Scherrer Equation and XRD to determine the average crystal plane height (Lc)
and referencing this against the Lc – Temperature relationship developed by previous
researchers
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•

Construct charts to illustrate the quantitative impact of variations in Spark Milling
variables during coke graphitisation in terms of both Lc and processing temperature

1.4

Outline of the thesis

This thesis report consists of a review of literature on the topic. The experimental method,
summary and discussion of the key experimental results are then presented separately. Firstly for
the calcination of Steelmaking fluxes during Spark Milling and secondly, for the graphitisation
of coke and subsequent characterisation of the impact of Spark Milling process variables.
Finally, recommendations for further work are outlined, with a view to further investigation of
Spark Milling aspects which will require research before commercial minerals processing
applications can be considered.
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2
LITERATURE REVIEW & THEORETICAL BACKGROUND
2.1

Introduction

This literature review provides an overview of the concepts required for an understanding of the
work undertaken in this thesis. This includes a review of mechanical milling and plasma
processing of materials, followed by a review of Spark Milling and its key process variables,
which combines these two techniques. In addition, calcination of Steelmaking fluxes and
graphitisation of coke are explored in order to assist with interpretation of final products when
these materials are processed by Spark Milling in this study.

2.2

Mechanical milling

Mechanical milling is carried out by various devices such as ball, attritor, vibrational, universal
and planetary mills. These mills can employ impact or shear fracture modes or a combination of
both. This process provides energy to the material being milled. The obvious use of this energy
is fracture and creation of new surfaces such as in grinding and crushing. Also of interest is
conversion of this energy to crystal lattice defects such as dislocations and the generation of heat
due to friction. Manipulation of milling parameters to control these physical changes can induce
competing processes of plastic deformation and dynamic recovery of the milled material in a
manner which produces nano-crystalline particles. This is due to the creation of randomly
orientated, high angle grain boundaries within the larger polycrystals (Eckert, 1995). In addition
to milling parameters, the properties of the material being milled are key determinants in the
fracture mode and final particle crystal size and morphology.
Initial particle size is critical. Larger particles require less milling energy to facilitate the
equivalent size reduction as for smaller particles. This is understood in terms of the Griffith
theory of brittle fracture (Dieter, 1988). Internal flaws must be of a critical length to initiate
fracture. Larger particles are weaker as they are more likely to contain a flaw of critical length
(Carolan, 2003).
Melting temperature affects the final crystal and particle size. It has been shown that a smaller
final grain size is obtained for particles with higher melting points (Hwang et al, 2001). This is
more accurately attributed to the temperature at which recovery processes are initiated. Recovery
is initiated above approximately one third of a metals melting temperature (Wikipedia, 2007a).
5

Recovery works to remove crystal defects such as dislocations and low angle grain boundaries.
These defects can become high angle grain boundaries with further deformation (Hwang et al
2001). Therefore, recovery is more likely to work against grain boundary formation in low
melting point materials, which will therefore produce a larger crystal size. For example,
aluminium with a melting point of 933 K can attain a minimum crystal size of 22 nm whilst
iridium, with a higher melting point of 2719 K can attain a smaller crystal size of 6nm (Eckert,
1995). Crystal structure, alloy purity and microstructural features such as second phase particles
all contribute to the final crystal size.
Contamination of powders must be considered during mechanical milling. The sources of
contamination in a mill are grinding media, the inside surface of the mill housing as well as any
gases within the mill (He et al, 2001).
2.2.1 High energy ball milling
High energy ball milling transfers a greater amount of kinetic energy to the milled material.
Figure 2.1 demonstrates how impact energy in a ball mill is controlled by using magnetic
grinding media in conjunction with magnets (Varin et al, 2004). During high energy ball milling
there are high temperature excursions at a local level when powder particles become trapped
between colliding grinding media (Lohse, 2005). The extent of temperature change depends on
the milling parameters as well as the powder being processed. Due to the dynamic nature of ball
milling, the local temperature increase cannot be directly measured. Lohse (2005) reviewed work
carried out by ten authors who observed temperature dependent phase changes to indirectly
determine these localised temperatures. Results ranged from as low as 50ºC to as high as 746ºC.
This thermal energy, combined with other phenomena occurring during milling is able to induce
mechanical alloying of metal powders. The mechanism attributed to mechanical alloying is
repeated welding, fracturing and rewelding of solid powders, leading to alloyed powders with a
homogenous composition (Suryanarayana, 2001).

Shear

Impact

Figure 2.1: Using magnets to influence fracture mode during ball milling (Calka et al, 2002)
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2.2.2 Reactive ball milling
High energy ball milling has been extended to activation of chemical reactions. This is termed
reactive milling or mechanochemical synthesis (Lohse, 2005). A range of compounds have been
synthesised from their elemental powders such as oxides, nitrides, chalcogenides and semimetals (Schaffer et al, 1992). Reactive ball milling is unique to other solid state processes as
reactions which normally require elevated temperatures can be activated at room temperature.
Reactions can occur at room temperature during reactive milling since energy is accumulated as
strain defects (Calos et al, 1996). Defects are introduced to the crystal structure as point and line
defects as well as by a reduction in grain size. As a result of these defects, the diffusion pathway
is shortened from bulk diffusion to short circuit diffusion ultimately reducing the activation
energy for the chemical reaction. The activation energy for reduction of cuprous oxide by
metallic iron can be reduced from 575 kJ/mol to 199 kJ/mol by ball milling (Forrester et al,
1995). Figure 2.2 demonstrates lowering of the activation energy during reactive ball milling.

Gibb’s Free Energy J/mol

Activation Energy
without Ball Milling
Activation Energy with
Ball Milling

Reactants

Products

Reaction Pathway

Figure 2.2: Reaction milling reduces activation energy of chemical reactions

A range of metal oxides have been successfully reduced to their metals by reactive ball milling.
These reactions have been carried out by using displacement reactions of the type shown in
Equation 2.1 where a metal oxide is reduced by a strong metallic reducing agent (Schaffer et al,
1990). This is termed metallothermic reduction. Oxides of copper, aluminium, calcium,
magnesium, titanium, manganese iron and nickel have all been reduced by this method.
AxO + vB → xA + BvO

(2.1)

2.2.3 Mechanical activation in minerals processing
Milling metal ores can selectively improve reactivity of the targeted species. Chalcopyrite for
example, is an economically important copper containing mineral (CuFeS2). Mechanical stress
from grinding can shear the sulphur sub-lattice and induce a magnetic order-disorder
transformation (Tkacova et al, 1996). During subsequent leaching, a selective increase in copper
dissolution is observed and a desirable decrease in the iron to copper ratio in solution is obtained.
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2.3

Plasma

Plasma is a gas of sufficiently high energy content to induce ionization. As a result of this
ionization, the plasma can conduct electricity and is affected by electromagnetic forces. An
ionized species has at least one electron free to move which is not bound to a particular atom or
molecule. Despite containing free charges, plasma is overall electrically neutral (Best, 1998).
Although plasmas usually take the form of neutral, gas-like clouds, they are also manifested as
ion-beams and dusty plasmas, which are plasmas containing charged nano-sized or micro-sized
particles (Wikipedia, 2007b). Plasmas are typically formed when a gas is heated to a high
enough temperature to strip one or more of its electrons. This creates positive and negative
particles which are free to move independently of each other within the plasma. Some familiar
plasma includes the electric arc in an arc welder, the gas inside a fluorescent light globe,
lightning, the sun, stars and the polar aurora. Plasmas can be classified into two groups. Thermal
or equilibrium plasmas, which are commonly called “hot” plasmas and non-thermal or nonequilibrium plasmas which are commonly called “cold” plasmas (Best, 1998).
By definition, “hot” equilibrium plasmas approach Local Thermodynamic Equilibrium (LTE).
What this means is that the electron temperature (Te) approaches the temperature of the heavy
particle, ion or gas temperature (Tg) (kinetic equilibrium) whilst simultaneously approaching
chemical equilibrium. In addition, hot plasmas have a small field strength to pressure ratio (E/p)
which is a measurement of the excess energy of the electron gas in the plasma. On the other
hand, “cold” plasmas are characterised by large deviations from kinetic equilibrium where Te/Tg
is in the range of 10 to 100. Additionally, the field strength to pressure ratio (E/p) is high (Best,
1998). Figure 2.3 demonstrates the differences between hot and cold plasmas graphically.
The mean temperature of particles of type i within the plasma is related to mean kinetic energy
as shown in Equation 2.2. Where k is Boltzmann’s constant, mt is the mean mass of the particles i
and vt is their mean kinetic energy (Best, 1998). During an elastic collision between an electron
and a molecule, the kinetic energy of the molecule is increased, whilst the electron temperature is
barely affected. This mechanism converts electrical energy to heat energy within plasma.
Inelastic collisions modify internal energy of the particles via processes such as excitation,
ionization, recombination and dissociation (Best, 1998).
3/2 kTi = 1/2 mtvt2
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(2.2)

Compared to ions and molecules in plasma, electron mass is small. Therefore, if the same force
acts upon an electron as an ion, the resulting electron velocity will be far higher than that of the
ion. If collision frequency is low, such as at low pressures, this means the average kinetic energy
and therefore temperature of the electrons will be higher than that of the ions and other heavier
particles in the plasma. These are “cold” plasmas and the high kinetic energy of electrons in
these plasmas is sufficient to cause rupture of molecular bonds whilst the gases are at ambient
temperature, such as in a fluorescent light globe (Best, 1998). Conversely, if the collision
frequency is high, such as at higher pressures, the electrons will have a greater number of
opportunities to transfer kinetic energy to the heavier ions, thus increasing their kinetic energy
and temperature to the extent that at approximately atmospheric pressure, the mean electron
temperature and mean ion temperature is equal. This is a characteristic of “hot” plasma. The
mechanism by which ions are formed in hot plasma is liberation of electrons by the high thermal
energies of the molecules and ions. These differences between hot and cold plasma are
demonstrated by Figure 2.3.

Figure 2.3: Electron, ion and gas temperature as a function of pressure in plasma (Hoyaux, 1968)

Figure 2.4 demonstrates the two arrangements by which industrial plasma arcs are initiated;
(a) The non-transferred mode, where the plasma arc is ejected from a torch
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(b) The transferred mode, where the plasma arc is transferred to an external electrode,
which may be a molten bath, solid particles or a second electrode
The transferred mode has the advantage of not requiring a high gas flow (to force the plasma
flame out of the torch). In addition, the transferred mode makes use of the Joule Effect to
facilitate highly efficient heating of the anode solid or liquid (CSM, 2007). The Joule Effect
describes the manner in which a material’s temperature increases when it conducts electricity.

(a)

(b)

Figure 2.4: (a) Non-transferred mode arc plasma and (b) Transferred mode arc plasma (CSM, 2007)

Therefore plasma is an ionized gas containing a range of charged particles in a highly energised
state. Ionisation in cold plasma is initiated by electrons with high kinetic energies rupturing
molecular bonds whilst hot plasma is initiated by supplying thermal energy to gas molecules. In
a transferred arc plasma device anode material can be Joule heated with high energy efficiency.
2.3.1 Dusty plasma
Small solid particles, which possess a surface charge, can also be part of a cold or nonequilibrium plasma. When these particles are on the nano or micro scale this is termed dusty
plasma. Industrial plasma and plasma in space is usually dusty plasma. Within the plasma, dust
may form crystals, clusters or clouds. This is contrary to accepted physics that indicates these
solids should possess a net negative charge and repel each other (Ignatov, 1997). This particle
attraction can be explained by considering two large negative particles forming a stable complex
by collecting a cloud of positive charges between them. Secondary electrons can also be released
if particles are energetic enough, which would make the particle surface positive (Ignatov, 1997).
Whatever the mechanism of attraction, there are opportunities for a range of particle collisions
within dusty plasma to occur such as solid-solid, solid-ion, solid-electron, solid-gas, ion-ion, ionelectron, ion-gas, gas-electron and electron-electron interactions. This provides the opportunity
for a range of alternative reaction pathways at potentially lower activation energies.
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2.3.2 Mineral reduction in a plasma environment
The plasma environment is suitable for oxide reduction. The high temperatures available in
plasma force the free energy of most reduction reactions to become negative, shifting the
equilibrium composition in favour of the metal. Transferred and non-transferred reactors are in
commercial use, which exploit plasma reduction. These processes use gases such as hydrogen
and carbon monoxide to reduce solid or liquid oxides (Best, 1998). The kinetics of these
reactions are poorly described, but it is well established that activated plasma particles improve
reaction kinetics (Best, 1998). The high energy efficiency of plasma processing has been
demonstrated in the reduction of iron oxide to iron with hydrogen gas. One author even reported
higher energy efficiency than that estimated by thermal equilibrium. The explanation for this was
the presence of atomic hydrogen as compared to diatomic hydrogen gas (Kitamura et al, 1993).
The in-flight reducton method demonstrated in Figure 2.5 uses inert or reducing gases to produce
a non-transferred plasma. Oxides are reduced by the plasma and quenched to metastable, high
temperature phases as they fall to the crucible. In one study Fe2O3 and Cr2O3 were reduced to
their metals but TiO2 and Al2O3 could only be reduced to sub-oxides or carbides. This study also
found that carbon-based reductants are more effective at reduction than hydrogen in plasma as
the product of carbothermic reduction (CO) is more stable at high temperatures than the product
of hydrogen reduction (H2O) (Kitamura et al, 1993). Carbide formation is a common difficulty
associated with carbothermic reduction in plasma. Moore (1989) studied the thermodynamics of
these systems and determined that oxides more thermodynamically stable than magnetite (Fe3O4)
will tend to form carbides rather than metals. This study also observed an optimal oxygen partial
pressure (pO2) for carbothermic plasma reduction in order to produce CO2 and facilitate the
Boudouard reaction (Equation 2.3). This reaction is the rate controlling step.
CO2 + C → 2CO

Figure 2.5: In-flight plasma reduction apparatus (Kitamura et al, 1993)
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2.4

Electrical discharge assisted mechanical milling

Spark Milling brings together the features of mechanical milling and transferred plasma arc
discharge processing. This includes plastic deformation, fracture, size reduction, increased
chemical reactivity, ionization and high localised temperatures. This technique was first
published in 2002 and is illustrated in Figure 2.6 (Calka et al, 2002). The mechanical milling
action operates in impact mode and is facilitated by repeated impacts of a stainless steel rod end
on powder particles contained in a hemispherical container. Concurrently, the powder and mill
atmosphere is subjected to pulsed arc discharges extending from the tip of the rod, through the
ionized milling atmosphere and powder before terminating at the vibrating mill base (Calka et al,
2007). The reactor components are housed within a Perspex tube and the mill has gas facilities.
The power supply generates radio frequency impulses in the kV/mA range (Calka et al, 2007).

(b)
(a)
Figure 2.6: (a) Schematic overview of the Spark Mill (Carolan, 2003) (b) Close up diagram of the rod
tip detail demonstrating the transferred plasma arc discharge (Calka et al, 2007)

2.4.1 Milling parameters
The mill has a variety of settings which can influence chemical and physical processes taking
place within the plasma arc. These include rod vibration amplitude, milling time, pressure,
current intensity and pulse duration. Vibration amplitude, milling duration and power have been
studied in previous work to evaluate their role in product chemistry and morphology.
Larger vibrational amplitudes increase the gap between rod tip and base. This increases the arc
length, arc duration and energy input into the powder (Calka et al, 2004). Higher energy
processes are promoted by milling with larger vibrational amplitudes. At low amplitudes and
power, increased fracture and size reduction are observed when the vibrational amplitude is
increased. If amplitude is increased further, a critical point is reached where partial melting,
sintering and agglomeration occur and particle size increases. Increasing the vibrational
amplitude above this critical point will increase agglomeration and produce large particles. This
behaviour was observed with alumina (Al2O3) powder where size reduction reached a peak with
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amplitude of 0.6mm. Above this amplitude, agglomeration and recrystallisation was observed.
Observations are the same for metallic powders (Calka et al, 2004). Large vibrational amplitudes
are therefore believed to promote high energy phenomena, whilst fracture and size reduction
without subsequent agglomeration is achieved at low vibrational amplitudes.
Studies focussed on milling duration have had predictable outcomes. During high energy
processing (large vibrational amplitude), increased agglomeration is observed with increased
milling duration. Chemical reactions also proceed further. In one study hematite (Fe2O3) was
reduced in an Ar-H2 atmosphere. Reduction through Fe3O4 and FeO to metallic iron proceeded
further with increased milling duration (Wexler et al, 2005).
The current and power also can affect powder morphology. In one study, magnetite (Fe3O4)
nanorods could be synthesised by reducing hematite (Fe2O3) at low currents. When the current
was increased, nanorods tended to lengthen and join. Above a current of 200 mA, the magnetite
particles developed larger nanosized spheres (Calka et al, 2006a). In another study where
LiFePO4 was synthesised, large irregular and spherical powder particles were produced by
milling at high currents. When a lower current was used in conjunction with a higher vibration
frequency, a fine cotton-wool like morphology was produced (Needham et al, 2006). SEM
images of these microstructures are shown in Figure 2.7. These studies show that lower currents
promote formation of finer powder morphologies.

(a)

(b)

Figure 2.7: (a) SEM image of LiFePO4 produced by high energy arc discharge for 10 minutes
(b) SEM image of LiFePO4 produced by low energy arc discharge for 10 minutes (Needham et al, 2006)

In addition to product powder morphology, Spark Mill current and power settings may also
influence the rate and extent of reaction. Bishop (2007) commented that during Spark Milling of
ilmenite (FeTiO3) concentrates, the success or failure of desired reactions depended on the
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current settings selected for each experiment and recommended that further work be carried out
to characterise each Spark Milling variable in isolation.
All the variables and their impacts are not yet fully understood and no previous work has been
published which characterises the impact of variation in the Spark Mill’s electrical pulse
duration. It is clear however, that Spark Mill settings are critical, product morphology is
controllable and that powder morphologies might be ‘made to order’ during synthesis, once a
fuller understanding of variables is obtained (Needham et al, 2006).
2.4.2 Applications of electrical discharge assisted mechanical milling
Electric discharges during Spark Milling induce high chemical reactivity between powder
particles. Enhanced reactivity is contributed to by the formation of a plasma environment,
formation and acceleration of ions and bombardment (implantation and penetration) of ions onto
powder particle surfaces. This may induce channel formation on the powder surface and increase
surface area, improving the rate of diffusional processes and reaction rates (Calka et al, 2007).
Localised extremes of temperature may be experienced via Joule heating, when the arc is
conducted through the powder (Needham et al, 2006). Sufficient heat may occur along these
channels to induce localised melting, vaporisation and thermal stresses and to facilitate rapid
fracturing as shown by Figure 2.8 (Carolan, 2003). In addition to these effects, powder particles
are constantly submitted to deformation and fracture by impact of the vibrating electrode. This is
analogous to ball milling (Calka et al, 2007). It has been established that the presence of the arc
discharge during Spark Milling results in orders of magnitude increase in reaction rates when
compared to mechanical milling without discharge (Calka et al, 2004). Rapid heating and
cooling rates are apparent during Spark Milling which lead to metastable chemical phases and
morphologies (Calka et al, 2004). This is consistent with observations of in-flight plasma
reduction.

Figure 2.8: Illustration of electrical discharge inducing particle fracture (Needham et al, 2006)

The unique Spark Milling environment lends itself to a variety of potential applications. Rapid
synthesis reactions have already been facilitated by this technique to produce borides (Calka et
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al, 2006), sulphides (Calka et al 2007), electro active orthophosphates (Needham et al, 2006) and
nitrides (Mosbah, et al 2006). Reduction of hematite (Fe2O3) to its sub-oxides (Fe3O4 and FeO)
has also been demonstrated (Wexler et al, 2005). Metastable alloying reactions have also been
successful such as the metastable eutectic Mg7Zn3 (Calka et al, 2004). These reactions are made
more attractive by the ability to control morphology, particularly the production of very fine
nanocrystals and amorphous structures (Calka et al, 2006b).
The most recent work on Spark Milling focused on commercially useful chemical reactions
which could be induced in industrial grade natural ilmenite concentrate (FeTiO3 & Fe2TiO5).
During this work, Bishop (2007) showed that;
•

Spark Milling ilmenite concentrate in flowing inert atmospheres thermally decomposes
the pseudorutile (Fe2Ti3O9) component to ferric pseudobrookite (Fe2TiO5). The ilmenite
component (Fe2TiO5) does not undergo any reaction or phase change.

•

Spark Milling ilmenite concentrate in flowing oxidising atmospheres induces oxidation
of the ilmenite (FeTiO3) to ferric pseudobrookite (Fe2TiO5) and thermally decomposes
the pseudorutile (Fe2Ti3O9) component to ferric pseudobrookite (Fe2TiO5).

•

Spark Milling a 2:1 weight ratio of ilmenite concentrate with metallurgical coke in a
static argon atmosphere, carbothermically reduces the ilmenite (FeTiO3) and pseudorutile
(Fe2Ti3O9) components to a titanium carbide (TiC) and cementite (Fe3C) composite.

The oxidation and reduction reactions induced in this work have commercial value in existing
titanium and rutile (TiO2) extraction processes, but were much more rapid when carried out in
the Spark Milling environment.
The demonstrated ability of Spark Milling to induce reduction and oxidation reactions leads to
possible applications in extractive metallurgy. Metals extraction processes which are most likely
to benefit from Spark Milling are roasting steps which do not require physical separation of the
products. Calcination of carbonates such as limestone (CaCO3) and dolomite (Ca,Mg[CO3]2) are
examples of commercial roasting applications.
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2.5

Calcination of Steelmaking converter fluxes

2.5.1 Basic fluxes in Steelmaking
Calcined limestone (lime) and calcined dolomite (doli) are the major basic fluxes used in
converter Steelmaking. A schematic diagram of a BOS (Basic Oxygen Steelmaking) Converter
vessel is shown in Figure 2.9. Lime and doli contain high percentages of basic oxides, namely
calcium oxide (CaO) and magnesium oxide (MgO) which, when added to silica based
Steelmaking slag, dissociate according to Equations 2.4 and 2.5. Oxides which exhibit this
dissociation behaviour are considered to be basic.
CaO → Ca2+ + O2-

(2.4)

MgO → Mg2+ + O2-

(2.5)

Figure 2.9: Schematic diagram of a BOS Steelmaking Converter (Bluescope Steel, 2006)

Silica (SiO2), on the other hand is an acidic oxide which is found in Steelmaking slag as a result
of oxidation of silicon, dissolved in the molten metal bath. Acidic oxides, such as silica form
polymeric networks in Steelmaking slag like that shown in Figure 2.10. A basic slag is one that
has sufficient O2- ions present, to break down the silica network structure and to react with
unwanted impurities, removing them from the molten metal phase and partition them to the slag
phase. Breakdown of the silica network into silica tetrahedra in this manner is described by
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Figure 2.10 and Equation 2.6. The chemical reactions describing removal of the key Steelmaking
impurities phosphorous and sulphur are described by Equations 2.7 and 2.8 respectively. Note
that in these equations, species in the slag phase are enclosed in round brackets ( ) and species
dissolved in the metal phase are enclosed in square brackets [ ].

Figure 2.10: Silica network structure being broken down by O2- ions (Deo et al, 1993)

SiO2 + 2O2- → 2SiO44-

(2.6)

5
3
[P] + [O] + (O 2 - ) → (PO34- )
2
2

(2.7)

[S] + (O 2- ) = (S 2- ) + [O]

(2.8)

Addition of basic fluxes to Steelmaking slag lowers the overall slag melting temperature,
rendering the slag fusible at Steelmaking temperatures and facilitating improved reaction kinetics
for partitioning impurities from the metal phase, to the slag phase. BOS Steelmaking
temperatures typically begin at about 1600 K (1327ºC) before the oxygen blow and peak at
around 1930K (1657ºC) at the completion of oxygen blowing (Bishop, 2006). Therefore,
addition of fluxes containing basic oxides, such as doli and lime to Steelmaking slags
accomplishes two primary goals (McGannon, 1971);
•

To render the slag more easily fusible

•

To produce a slag phase with a physical and chemical state which impurity elements such
as silicon, phosphorous and sulphur will combine with, in preference to the metal phase

2.5.2 Lime

Lime is the major Steelmaking flux. Lime also finds applications in soil and acid waste
neutralisation, glass making, paper making, cement making, concrete, mortar and other
metallurgical processes. The basic oxide making up the major component of lime is calcium
oxide (CaO) with a concentration by weight of greater than 80%. The major function of lime in
Steelmaking slag is as described in Section 2.5.1. Rapid dissolution into the slag is of key
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importance for lime. For this reason, lime particles with high reactivity are required. Such a lime
is termed “soft burnt” and will have a porous structure which allows slag to penetrate the particle
and aid dissolution.
Lime is obtained by calcination of the natural carbonate mineral limestone, according to
Equation 2.9. This reaction is endothermic and results in rapid CO2 evolution. It is possible to
use limestone as a flux in Steelmaking without calcination. There are a variety of disadvantages
of this practice. The limestone will undergo calcination in the furnace prior to dissolution. This
reaction is endothermic and will therefore increase the cooling effect of the flux addition. In
addition, the dissolution of limestone is retarded by the evolution of cold CO2 gas from the
calcination reaction, which initially prevents contact between the slag and resulting lime. As the
reaction is endothermic, slag at the reaction interface is slightly cooled which lowers its ability to
dissolve the lime particle (Satyoko et al, 1999). The uncontrolled evolution of CO2 from unburnt
limestone makes control of Steelmaking conditions difficult and may contribute to build up of
slaggy and steely accretions on the furnace mouth and oxygen lance. It is therefore preferred to
first calcine the limestone to lime prior to charging to the furnace.
CaCO3(s) → CaO(s) + CO2(g)

(2.9)

The industrial calcination of limestone is typically carried out in a counter-current rotary kiln
(Figure 2.11), but may also be undertaken in a shaft kiln or annular kiln. In a rotary kiln, the raw
flux is charged at one end of a long shaft with a slight angle. A gas or oil burner produces heat
for the reaction from the opposite end. The shaft rotates and the flux material is slowly heated as
it moves towards the exit end under the influence of gravity. The temperature required for
calcination is 1173K (900°C), this is the temperature at which the partial pressure of CO2 is 1
atmosphere (Meier et al, 2006). In practice the kiln temperature reaches about 100 K higher than
this to improve the reaction rate as it has been shown that the calcination rate is not limited by
mass transfer of CO2 from the reaction face but by delivery of heat to the reaction interface
(Senegacnik et al, 2005). Increasing the temperature further is detrimental to the production of
reactive, soft burnt lime and instead leads to production of less reactive and non porous dead
burnt lime.
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Figure 2.11: Rotary kiln for calcination of limestone and dolomite (Wikipedia, 2007c)

Calcination of limestone begins at the particle surface and proceeds inwards towards the core.
This makes particle size control important. If the range of limestone feed sizes are too large, the
largest particles will not be sufficiently calcined and the smaller particles will be dead burnt,
rendering them less reactive. It is normal for a small unreacted core to remain in the calcined
product. This core will be calcined during dissolution into the Steelmaking slag. The remnant
CO2 is revealed by a loss on ignition (LOI) test which measures the percentage mass of CO2 and
H2O driven from a test sample of lime upon heating in a furnace. A typical LOI for Steelmaking
lime is 14% (McGannon, 1971). The size of feed limestone particles also determines the time for
complete calcination. For example, 1 inch limestone particles take about 1-1.5 hours for
calcination, whereas 5 inch particles require 5-7.5 hours when calcined at 1250 K (McGannon,
1971). A final consideration for sizing is that lime particles charged to the Steelmaking furnace
must be small enough to facilitate rapid dissolution into the slag phase, whilst being large
enough to not become fluidised in the waste gas stream and exit the furnace before reaching the
slag. A minimum sizing to avoid this is approximately 6mm (Bock, 2006).
Since lime kilns are a large producer of CO2 emissions, savings in energy produced through
burning fossil fuels is an important driver for modifying the calcination process, or developing
new ones. One energy audit of a rotary lime kiln demonstrated that only 56.8% of the heat
supplied to the kiln was used in calcination of the limestone (Moffat et al, 2006). The sources of
heat loss found in this study are described by Figure 2.12. It must be remembered that any new
technology for lime calcination will need to provide adequate control over rate and extent of
calcination, particle size and particle morphology to ensure that the lime produced has acceptable
physical and chemical properties for Steelmaking. Annual worldwide production of lime is
approximately 130 million tonnes (Wikipedia, 2007c).
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Figure 2.12: Energy distribution in a rotary lime kiln (after Moffat et al, 2006)

2.5.3 Doli

Doli is another Steelmaking flux, which like lime, produces a basic slag suitable for the removal
of silicon, phosphorous, sulphur and other oxidation products into the slag phase. In addition to
containing the basic oxide calcium oxide (CaO), doli contains a large concentration of
magnesium oxide (MgO) which is also basic. A typical Steelmaking doli flux will contain about
55% CaO and 40% MgO by weight (McGannon, 1971). The presence of MgO in doli is
important. The main benefit of MgO in the slag is furnace refractory protection. Most
Steelmaking converters have refractory brick linings based on magnesite (MgO). By saturating
the slag with MgO, attack of the refractory bricks by the slag is minimised, extending the life of
the furnace lining. In addition to refractory protection, it is also believed that doli additions
improve the rate of dissolution of lime into the slag phase (Satyoko, et al, 1999). Nevertheless,
lime is preferred as the major flux as MgO is a less strongly basic oxide than CaO and higher
concentrations of MgO lead to decreased slag fluidity. This loss of fluidity leads to steely and
slaggy build ups on the lance and furnace mouth, loss of yield due to entrainment of iron droplets
in the slag and decreased capacity for removal of impurities.
Doli is obtained by calcination of the natural carbonate mineral dolomite. Under normal
processing conditions this is a two step reaction according to Equations 2.9 and 2.10. The overall
reaction is also shown in Equation 2.11. Below CO2 partial pressure of 0.066 atm (such as in a
vacuum) this reaction occurs in a single step as described by Equation 2.11 (Powell et al, 1978).
Dolomite contains a high concentration of the carbonate CaMg(CO3)2. This calcination reaction
produces MgO, CaO and CO2 and is analogous to the calcination of lime. Calcination of
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dolomite to doli is therefore also typically carried out in a rotary kiln. The calcined doli product
is preferred over the raw dolomite product as a flux for the same reasons lime is preferred over
limestone.
The major difference in the calcination of dolomite compared to limestone is the calcination
temperature and the extent of calcination. Dolomite calcination can occur at 672K (945°C) under
a pressure of 1 atmosphere of CO2 which is well below that for lime calcination (McGannon,
1971). It is therefore much easier to induce calcination of dolomite. Rotary kilns are often
operated at a higher temperature than this to allow for lime calcination and therefore the resulting
doli flux is dead burnt with very little uncalcined product remaining in a doli particle. This is
confirmed by LOI tests which show that a typical doli Steelmaking flux will have an LOI value
of 1.6% (McGannon, 1971).
CaMg(CO3)2(s) → CaCO3(s) + MgO(s) + CO2(g)

(2.9)

CaCO3(s) → CaO(s) + CO2(g)

(2.10)

CaMg(CO3)2(s) → CaO(s) + MgO(s) + 2CO2(g)

(2.11)

2.5.4 Ferruginous lime

Ensuring rapid dissolution of lime and doli fluxes into Steelmaking slag is of vital importance as
processing time is limited and if fluxes are not properly dissolved, they do not serve their
function. If insufficient phosphorous or sulphur are removed during the Steelmaking oxygen
blow, additional fluxes and blowing time are required. This damages the furnace lining,
increases processing time and adversely increases the dissolved oxygen concentration in the
steel. The traditional method of ensuring rapid flux dissolution is small additions of the low
melting point, neutral flux fluorspar (CaF2), which quickly breaks up the silicate slag structure
and strongly lowers the melting point of other flux additions. During lime dissolution, it is well
known that a continuous dicalcium silicate (2CaO.SiO2) layer with a high melting point of 2405
K (2132°C) forms on the surface of the lime particle (Lee et al, 2002). This coating is slow to
dissolve and thus increases the time it takes for lime dissolution. The addition of fluorspar lowers
the melting point of this layer whilst changing its physical form to a discontinuous coating (Lee
et al, 2002). Unfortunately, the use of fluorspar is not without its problems. Fluorspar is able to
attack the furnace refractory lining, leading to decreased lining life. In addition, the
environmental and health impacts of fluoride containing emissions and wastes are attracting
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increased attention, putting pressure on steelmakers to find alternative slag fluidisers. This has
lead to the discontinuation of fluorspar as a flux in a number of locations (Bowman, 1989).
The desirable properties of an alternative slag fluidiser are a flux that is able to increase lime
dissolution, whilst being neutral to slag basicity and the furnace lining. In addition, it must be
noted that the slag itself is a valuable aggregate by-product and the introduction of a new flux
must not render the slag friable, such that it is no longer suitable for this purpose (Bowman,
1989). Production of ferruginous lime is one such alternative.
Ferruginous lime is the name given to burnt lime, coated with a layer of dicalcium ferrite
(2CaO.Fe2O3). It is a physically robust, glassy black pellet. (Lee et al, 2001). It can be seen from
the CaO-Fe2O3 phase diagram shown in Figure 2.14, that this phase has a substantially lower
melting temperature than that of pure lime (2845 K). Previous work in Australia and Russia has
shown that a number of benefits can be gained by using such a flux. These include high
degradation strength, resistance to hydration and capacity for rapid dissolution into Steelmaking
slags. Resistance to hydration is important in operations which are located in humid regions and
operations which do not produce lime at the Steelmaking site, increasing storage time for the
burnt lime. Figure 2.13 demonstrates the increased resistance to hydration of ferruginous lime,
compared to lime. Thermal efficiency of the rotary kiln is also improved by virtue of moving
from a white lime, with a low emissivity (0.2) to a black ferruginous lime, with a high emissivity
(0.8) (Lee et al, 2002). It is also noted that no new compounds are introduced to the slag by use
of such a material.

Figure 2.13: Percent hydration of lime during long term exposure to humid air at 303 K.
Diamonds: Ferruginous Lime Triangles: CaO (Lee et al, 2001)
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Ferruginous lime is produced via calcination in the rotary kiln process in the same manner as
lime and doli production. An injection of an iron bearing material is made to the feed material in
order to produce the dicalcium ferrite coating during calcination. This work began on an
industrial level in the 1970s with both iron ore and recycled Steelmaking waste dusts, reportedly
used as iron feeds (Lee et al, 2002). Production of ferruginous lime has been problematic with
sticky accretions building up on the rotary kiln refractories. One group of researchers has
specifically studied this build up and have found that an addition of 10% by weight of iron oxide
at a peak calcination temperature of 1533K (1260°C) is optimum for production of ferruginous
lime. Lower temperature and/or lower iron oxide concentrations produce inadequate, patchy
particle coatings, whilst higher temperatures and/or iron oxide concentrations lead to problems
with agglomeration and accretions. The production and use of ferruginous doli has also been
reported, with similar benefits to ferruginous lime (Demidov, 2005).

Figure 2.14: CaO-Fe2O3 phase diagram (Lee et al, 2001)
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2.6

Graphitisation of metallurgical coke

2.6.1 Metallurgical coke function and characterisation

Metallurgical coke is a key feed material in Ironmaking blast furnaces making up 50-60% of the
blast furnace charge (Biswas, 1981). Worldwide production of metallurgical coke in 2006 was
approximately 505 million tonnes with 90% of this being used for Ironmaking (Quillen, 2007).
Much of the remaining 10% is utilised as the primary reductant in a wide range of metal oxide
systems. Coke is prepared by heating carefully selected coal blends by indirect heat transfer in
the absence of air.

Cokemaking temperatures range between 1200K (927°C) and 1500K

(1227°C) and residence time in the coke oven is 12–24 hours (Nicol et al, 1997). This process
drives off volatile components and breaks organic molecules down into gases, liquids and solids
of lower molecular weight, resulting in a porous mass consisting of carbon and ash (Fitzpatrick,
2006). The organic component of coke is predominately made up of carbon, with smaller
amounts of hydrogen, oxygen, nitrogen and sulphur. The inorganic component, which makes up
the ash, is composed mostly of silica, alumina, lime and iron oxide. The coke produced is
subsequently pushed from the coke oven using a hydraulic ram, quenched and screened before
being charged to the Ironmaking blast furnace. Figure 2.15 shows a schematic of the physical
and thermal profiles inside an Ironmaking blast furnace. Key reactions in the blast furnace
facilitated by carbon from coke are outlined in Equations 2.12 to 2.17.

Figure 2.15: Coke is used in a blast furnace for carbothermic reduction of iron ore (Daly, 2006)
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C(coke) + 1/2O2(g) → CO(g)

(2.12)

C(coke) + O2(g) → CO2(g)

(2.13)

CO2(g) + C(coke) → 2CO(g)
3Fe2O3(s) + CO(g) → 2Fe3O4(s) + CO2(g)
Fe3O4(s) + CO(g) → 3FexO(s) + CO2(g)
FexO(s) + CO(g) → Fe(l) + CO2(g)

(2.14)
(2.15)
(2.16)
(2.17)

Coke serves three major functions in the blast furnace. As a fuel, coke is able to provide greater
than 50% of the heat energy provided to the blast furnace burden through combustion of coke to
CO2 (Fitzpatrick, 2006). This heat energy is required for melting and to provide energy for
reducing reactions occurring in the furnace. Coke also functions as the reductant. After
combustion to CO2, the Bouduard reaction follows which converts CO2 to CO according to
Equation 2.14. This carbon monoxide is the primary reductant in blast furnaces which ultimately
facilitates reduction of iron oxide to metallic iron. Finally coke provides physical structure to the
furnace. In order to do this, coke must be porous to allow efficient progress of liquids and gases
as they pass through the furnace and also strong, so as not to collapse under the weight of the
burden and lose porosity.
Understanding the microstructure of coke and its evolution at elevated temperatures provides an
insight into the mechanisms by which coke performs these functions as it passes through the
blast furnace and other metallurgical reactors.
2.6.2 Coke structure and graphitisation

The microstructure of coke consists of carbon in the form of crystalline graphite as well as other
non-crystalline forms of carbon such as small groups of aromatic rings. The crystalline carbon is
less reactive than non-crystalline carbon (Kashiwaya et al, 1991). Upon heating above 1200K
(927°C), such as in a blast furnace, non-crystalline carbon undergoes crystallisation and
ultimately graphitisation occurs if sufficient temperatures are achieved. Crystallisation of
amorphous carbon is very rapid such that the proportion undergoing crystallisation is effectively
dependent on the maximum temperature the coke experiences and not the amount of time coke
experiences at that temperature (Kashiwaya et al, 1991). It is known that coke graphitisation is
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one of the mechanisms of coke degradation in a blast furnace which has led to extensive studies
into the coke graphitisation mechanism. The change in volume of the coke associated with
graphitisation introduces stresses which lead to crack development. These cracks are stress
concentrators which make the coke particle more susceptible to breakage by abrasion and
mechanical action (Fitzpatrick, 2006).

Figure 2.16: Schematic building of graphite structure with increasing temperature (Marchand, 1986)

The crystallisation of carbon evolves in a number of steps as illustrated by Figure 2.16. Below
1400K (1127°C) carbon exists as a molecular solid consisting of small structural units. There is
little ordering of structural units except for some preferential orientation as depicted in Figure
2.16(a). Between 1400K and 1900K (1127°C and 1627°C) the structural units are rearranged
into columnar stacks as depicted in Figure 2.16(b). These stacks are made up of aromatic layers
and are bent, irregular and of relatively small height. With increasing temperature the stacks
increase in height and regularity. Between 1900K and 3300K (1627°C and 3027°C)
graphitisation occurs in two steps. The first step, demonstrated by Figure 2.16(c) occurs up to
2300K (2027°C) as a two dimensional growth. This is facilitated by removal of defects from the
boundary of structural units and subsequent coalescence of the columnar stacks, which then form
wrinkled parallel sheets of aromatic carbons. At 2300K (2027°C) defects have been eliminated
from this structure leaving the two dimensional graphite structure illustrated in Figure 2.16(d)
(Marchand, 1986). The second step of graphitisation occurs above 2300K (2027°C) and is
characterised by three dimensional ordering of the rigid graphite planes into the hexagonal
graphite ABABABA….. close packed sequence demonstrated in Figure 2.17.
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Figure 2.17: Schematic diagrams of graphite crystallite (Kashiwaya, 1991)

The ordering of amorphous carbon into crystalline graphite is observed by changes in the lattice
height (Lc) and width (La) as demonstrated in Figure 2.17. X-ray diffraction and application of
the Scherrer Equation (Equation 2.18) has been used to estimate the average value of Lc by
previous researchers (Daly, 2006). International Standard ISO:20203 describes the procedure for
determination of coke crystallite plane height, by taking measurements from the (002) plane
reflection of coke XRD patterns.

Lhkl =

Kλ
β cos θ

(2.18)

K is an arbitrary constant which equals 0.89 for Lc
λ is the wavelength of the X-ray radiation in nanometres
β is the breadth of the pure diffraction peak in radians
θ is angular location of the peak maximum (2θ/2) expressed in degrees
It has been shown that the average value of Lc is dependent on the cokes thermal history and
increases with the maximum temperature experienced. This is explained by graphitisation being
an irreversible process. By plotting a relationship between the average Lc and the maximum
temperature in laboratory conditions, previous authors have been able to use this curve as a
calibration to investigate the maximum temperature experienced by coke particle samples from
an Ironmaking blast furnace (Fitzpatrick, 2006). Examples of such curves are presented in
Figures 2.18 and 2.19 which tend to indicate that there is a linear relationship between Lc and
temperature below 1600K (1337°C) and a parabolic relationship at higher temperatures. The
relationship developed by Daly (2006) is shown in Equation 2.19.
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Lc = 0.0086T − 8.1441

(2.19)

Lc is the average coke crystallite (002) plane height (nm)
T is the maximum temperature experienced by the coke sample (ºC)

Figure 2.18: Linear relationship between Lc and
temperature (Kashiwaya, 1991)

Figure 2.19: Relationship between Lc
and temperature (Dubrawski et al, 1982)

XRD patterns of coke samples annealed in argon at various temperatures appear in Figures 2.20
and 2.21. It is clear from these patterns that the reflection corresponding to the (002) peak
becomes sharper as a result of the increase in Lc. It is also noted from Figure 2.21 that silica and
alumina in the ash react at higher temperatures to form mullite (Kashiwaya et al, 1991).
Determination of Lc is calculated by using information from the (002) peak.

Figure 2.20: X-ray diffraction patterns of heat treated
and non heat treated coke (Kashiwaya et al, 1991)

Figure 2.21: X-ray diffraction patterns of coke
at various temperatures (Kashiwaya, 1991)

Understanding the crystallisation behaviour of coke in industrial applications therefore provides
a method of indirectly calculating temperatures within a reactor by calculating the Lc of a coke
sample and using a relationship such as in Equation 2.18 to estimate the temperature.
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2.7

Summary and conclusions

Mechanical milling and plasma processing are two processing techniques which can induce both
chemical reactions and particle morphology changes. Spark Milling combines these two
techniques in a manner which can create new phenomena not previously found in either process
on its own. In particular, high reaction rates and control of particle morphology have been
demonstrated using Spark Milling including limited work on metal oxide reduction.
These characteristics lead to potential applications in minerals processing. Due to the inability to
induce phase separation during Spark Milling, it is expected that roasting type processes, which
do not require phase separation, are the best candidates. Calcination of carbonates, such as
Steelmaking flux is an example of a commercial roasting reaction. Potential benefits from using
Spark Milling as a roasting mechanism include increased energy efficiency, faster reaction rates
and greater control over product chemistry and morphology.
Graphitisation of coke and subsequently determining the Lc value provides a method of
quantifying the extent of coke graphitisation and the maximum temperature experienced by a
coke sample. This means that coke is a suitable material for quantitatively assessing the
processing condition experienced by coke in a new process such as Spark Milling.
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Figure 3.4: Sartorius CP224S scales used for accurate measurement
of reagent mass

3.2.4 The milling device

The Spark Milling reactor is designed to produce a milling mode that combines repeated impact
of a hardened, curved, stainless steel rod end on powder particles placed on a vibrating, stainless
steel, hemispherical container under electrical conditions of pulsed arc discharge. A schematic
diagram of the milling unit is shown in Figure 3.5 and a photograph in Figure 3.6(a).
The milling unit is the same device used by previous researchers and was custom built by the
supervisors of this project. It consists of a stainless steel base which has a hemispherical milling
chamber at its centre with a diameter of approximately 20 mm, which is where the powder is
placed. The base is connected to the negative terminal of the power supply. Suspended loosely
above this chamber is a stainless steel rod which is connected via a flexible copper cable to the
external positive electrode and power supply. The walls and top of the milling unit are made
from clear Perspex. This facilitates viewing of the spark and plasma during milling as well as
providing insulation to prevent short circuiting.
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Figure 3.5: Schematic diagram of the Spark Milling reactor (After Carolan, 2003)

Gas inlets and outlets are built into the base of the milling unit with the flow directed through the
Perspex tube. The inlet and outlet into the actual milling chamber are through holes near the top
of the Perspex tube. The chosen gas cylinder is connected to the inlet and a vacuum pump
connected to the outlet. The setup of the gas facilities allows a choice of either a measurable rate
of gas flow during milling or alternatively, sealing off the inlet and keeping a static atmosphere
throughout milling. Gas used in this project was industrial air. The gas flow was maintained at a
rate of 1 cc/min.
The entire milling unit is placed on a sieve shaker so as to facilitate vibratory motion of the
stainless steel rod in a vertical direction. This motion forces the rod to smash into the powder
during milling, thus providing the mechanical milling action and mixing the powder. The
vibration amplitude can be controlled and is measured by the voltage output of the sieve shaker.
This is not an absolute value, but a relative value with higher voltages delivering higher vibration
amplitudes. The sieve shaker used in this project was a Fritsch Analysette 3 SPARTAN
Pulverisette 0.
During milling, pulsed arc discharges are initiated at the tip of the stainless steel rod and travel
through the milling atmosphere and powders, before terminating at the stainless steel base in the
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centre of the hemispherical milling cell. This is demonstrated in Figure 3.6(b). These arcs are
facilitated by connecting the milling unit to an external power supply.

(a)

(b)

Figure 3.6: (a) Spark milling unit connected to the power supply
(b) Electrical discharge during Spark Milling

3.2.5 Spark Mill settings

Preliminary experiments were carried out to establish suitable Spark Milling settings to induce
the desired reaction in powders being processed. The three settings which needed to be
established were the milling base vibration amplitude, the current intensity and the pulse time.
Values ultimately chosen for these variables are shown in Table 3.1. A more through explanation
of the Spark Mill power supply and power set points are given in Section 3.3.5.
Table 3.1: Mill settings for Spark Milling
Starting Powder

Sample ID

Vibration Amplitude

Current Intensity (mA)

Pulse Duration (s)

Limestone

LS0

0.6

0.9

0.7

Dolomite

DM0

0.6

0.9

0.7

Limestone & Hematite 10:1

FL0

0.6

0.9

0.7

3.2.6 The Spark Milling procedure

To avoid contamination of samples from previously processed powders, the reactor was cleaned
prior to each experiment. Cleaning consisted of scrubbing the internal surfaces of the mill with
abrasive paper and ethanol to remove any remaining loose material or any material that had
partially welded to the milling surface. This was followed by rinsing with ethanol and drying.
When milling a new type of starting powder was to occur, an additional cleaning step was used
where the metal milling surfaces were cleaned by using an electric drill with a grinding
attachment. This stripped the milling cell back to a fresh stainless steel surface and was
necessary to remove the surface layer which had been alloyed with powders during milling.
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The required volume of powder was measured out using the measuring device shown in Figure
3.7(a). This device ensured an equal volume of powder was used for all experiments. The
powder sample was then placed in the milling cell recess as shown in Figure 3.7(b), before
closing and securing the milling chamber and connecting the gas services.

(a)

(b)

Figure 3.7: (a) Device used for measuring powders (b) Limestone and hematite powder mixture in
milling cell recess prior to Spark Milling

The milling chamber was kept at atmospheric pressure and air flow was established at a rate of
1cc/min. Milling settings for vibration amplitude, peak current intensity and impulse duration
were then selected and Spark Milling carried out for the required duration. Milling durations of
5, 10 and 15 minutes were used for all calcination experiments. At the completion of milling, the
chamber was opened and the milled powders collected using a clean spatula. These calcined
powders were stored in sealed glass tubes until required for XRD and SEM analysis.
3.2.7 Starting powders, mixtures and reference samples

Limestone (CaCO3)

Limestone was obtained from a stockpile destined for calcination in a rotary kiln and use as a
Steelmaking flux. Calcium carbonate (CaCO3) is the major component of limestone with a mass
percentage greater than 95%. This limestone was of Japanese origin and chemical analysis can
be found in Appendix B. As limestone was obtained in the form of crushed stones, size reduction
was required prior to Spark Milling. The aim of Spark Milling limestone was to induce
calcination.
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Dolomite (Ca,Mg[CO3]2)

Dolomite was obtained from a stockpile destined for calcination in a rotary kiln and use as a
Steelmaking flux. Calcium-magnesium carbonate (Ca,Mg[CO3]2) is the major component of
dolomite with a mass percentage greater than 95%. This dolomite originated in Ardrossan, South
Australia and chemical analysis of dolomite from this source can be found in Appendix C. As
dolomite was obtained in the form of crushed stones, size reduction was required prior to Spark
Milling. The aim of Spark Milling dolomite was to induce calcination.

Lime (CaO)

The calcined product of limestone, lime was obtained from BlueScope Steel. This lime was
calcined in an industrial rotary kiln from the same batch of limestone used in this study and was
destined for use as a flux in converter Steelmaking. Calcination by this rotary kiln takes 4 hours
at an average temperature of approximately 1073K (800ºC). The peak temperature experienced
by the limestone is 1673K (1400ºC) on the bed surface and 1373K (1100ºC) at the bed centre
(Kreusser, 2007). This lime was not actually Spark Milled in this study but was obtained as a
reference sample so that Spark Milled limestone could be compared against the commercial lime
product. This lime was obtained in the form of stones and therefore required size reduction to a
powder, prior to XRD.

Doli (MgO and CaO)

The calcined product of dolomite, doli was also obtained from BlueScope Steel. This doli was
also calcined in an industrial rotary kiln from the same batch of dolomite used in this study and
was destined for use as a flux in converter Steelmaking. Conditions in the rotary kiln are the
same as those described above for lime. This doli was not Spark Milled in this study but was
obtained as a reference sample so that the Spark Milled dolomite could be compared against the
commercial product. This doli was obtained in the form of stones and therefore required size
reduction to a powder, prior to XRD.

Limestone (CaCO3) and Hematite (Fe2O3) Mixture

Limestone used in this mixture was from the same stockpile described above. The hematite was
sourced from iron ore fines destined for sintering and use in an Ironmaking blast furnace. This
material is known as Whyalla blended fines and originates in South Australia. The major
component of this material is the iron oxide, hematite (Fe2O3). The iron concentration of this ore
is 63% by mass and a complete chemical analysis can be found in Appendix D. As hematite was
obtained as fines, size reduction prior to mixing with limestone powder was unnecessary. The
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mass ratio of limestone to hematite in this mixture was 10:1. This ratio was chosen to be
consistent with findings in previous research into ferruginous lime discussed in Section 2.5.4.
The aim of processing limestone with hematite was to induce calcination of limestone, whilst
simultaneously producing a layer of dicalcium ferrite (2CaO.Fe2O3) on the lime particle surface.
Such a product is known as ferruginous lime.
3.2.8 Particle characterisation by X-ray diffraction

Objectives of calcination focussed on inducing various chemical reactions and phase changes
during Spark Milling. Therefore, characterisation focused on the phases present in starting
powders and Spark Milled powder products. The primary tool for phase identification was
therefore XRD. XRD was carried out on powder samples before and after Spark Milling. The
purpose of XRD was to establish any phase changes that had occurred during Spark Milling and
also to establish whether phase changes had been partially or fully completed. XRD makes phase
identification possible as the crystal planes within a phase reflect at characteristic angles when
irradiated with X-ray radiation. Matching the angles at which these peaks of X-ray intensity
occur against a database of known materials therefore facilitates phase identification of an
unknown sample.
A quartz substrate was used as the holder for XRD samples. A small sample of the powder was
placed onto the substrate along with a drop of ethanol. The ethanol was necessary to spread the
powder particles evenly and also to ensure the particles adhered to the substrate instead of falling
off during XRD. The ethanol was allowed time to dry before carefully placing the sample holder
in the XRD unit. A GBC MMA X-ray diffractometer was used to conduct XRD scans. The
settings and radiation source (Copper Kα) for this machine are shown in Table 3.2.
Table 3.2: XRD settings for phase analysis
GBC MMA X-Ray Diffractometer
Starting Angle (º)

10

Finish Angle (º)

100

Step Size (º)

0.05

Scanning Rate (º/min)

2

Generator Voltage (kV)

35

Generator Current (mA)

28.6

X-ray Wavelength (nm)

0.1541
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Phase identification using XRD data was conducted using the computer software Traces
(Version 6), by Diffraction Technology. This software was used in conjunction with the PDF
(Powder Diffraction Files) database, which is maintained by the ICCD (International Centre for
Diffraction Data). This database contains over 500000 XRD patterns, thus facilitating
identification of the phase(s) present in each powder.
3.2.9 Particle characterisation by scanning electron microscopy

Selected Spark Milled powder products were cross sectioned and characterised by SEM in order
to garner additional information in regards to powder morphology, as well as distribution or
elements and phases throughout the product particles. The microscope used for this purpose was
a Leica Cambridge Stereoscan S440 SEM. To prepare these specimens, the powder particles
were mounted in a conductive resin. Cross sectioning was then achieved by automatic polishing.
These specimens were coated with gold prior to viewing under the SEM.
General viewing of the particle morphology was achieved using secondary electrons. Atomic
number contrast was also achieved using the backscattered electron detector. Magnifications up
to 10000X were used during SEM investigations. In addition to secondary and backscattered
electron imaging, the X-ray facility on the SEM was used on selected cross sections to develop
elemental maps as well as compositional analysis by EDS (Energy Dispersive Spectroscopy).
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3.3

Method for characterisation of Spark Mill set point variables

3.3.1 Starting material

Coke was obtained from BlueScope Steel’s Port Kembla Ironmaking blast furnace feed coke
blend and was the material used to quantify the impact of Spark Mill set points. The coke used in
this experiment has a carbon purity of 87.4 wt.%. Chemical analysis of the coke can be found in
Appendix A. The major gangue components of this coke are silica (SiO2) and alumina (Al2O3).
As this coke was obtained in a lump form, size reduction was required prior to Spark Milling.
This coke sample comes from the same batch used by previous researchers to establish a linear
relationship between the average graphite crystallite plane spacing, Lc and the maximum
temperature experienced by the coke sample. The Lc of the coke can therefore be used as a
quantitative measurement of the highest temperature experienced by the coke particles during
processing, as discussed in Section 2.6. With this in mind, the Lc can also be used as a
quantitative indicator of the temperatures experienced in the Spark Milling reactor during
processing, over a range of different set points. Coke in the “as received” condition is shown in
Figure 3.8.
Coke

Figure 3.8: As received metallurgical coke used in this study
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3.3.2 Coke size reduction to powders

As previously discussed, the Spark Mill configuration limits the size of feed materials to
powders. The particle size of the as received coke was therefore too large for this purpose and
size reduction was necessary prior to Spark Milling. This size reduction was carried out using the
same two steps that were used for size reduction of Steelmaking fluxes as described in Section
3.2.2. Both coke particle size reduction steps are illustrated in Figures 3.9 and 3.10.

(a)

(b)

(c)

Figure 3.9: (a) Coke particles prior to first size reduction step (b) Method of manual crushing and
(c) Coke particle size before and after first size reduction step

(a)

(b)

(c)

(d)

(e)

Figure 3.10: (a) Rough coke particles prior to ball milling (b) Flooding with 400 kPa Argon
(c) Ball milling in impact mode (d) Checking pressure after ball milling (e) Fine coke particles after ball milling
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3.3.3 Electrical discharge assisted mechanical milling

The Spark Milling reactor used for coke graphitisation and set point characterisation was the
same unit as that used for Steelmaking Flux calcination described in Section 3.2.4. A schematic
diagram of the milling unit is shown in Figure 3.5 and a photograph in Figure 3.6(a).
3.3.4 The Spark Mill power supply unit

The power supply unit is custom built specifically for Spark Milling and is shown in Figure 3.11.
Radio frequency wave impulses are generated with voltages in the kV range and currents in the
mA range. During vibration, the electric circuit is broken by small gaps between the stainless
steel rod and the milling chamber base. This results in the generation of pulsed electric
discharges which travel across this gap and complete the electric circuit.

Figure 3.11: Custom built Spark Mill power supply

There are two variables available on the power supply which the user can use to control the
electrical impulses it produces. The first is the peak intensity of the current and the second is the
duration of each pulse. The current intensity is measured in mA and can be assigned a value
between 0.1 and 0.9. The impulse time is measured in fractions of a second and can also be
assigned a value between 0.1 and 0.9. For example, if an impulse time of 0.6 is selected, then the
electrical impulse will be applied for 0.6 seconds followed by a gap of 0.4 seconds, where there
will be no electrical current applied. This cycle then repeats itself thus creating a pulsed
electrical current as demonstrated by Figure 3.12.
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Figure 3.12: Explanation of power supply current control. In this example the pulse time is set at
0.6 meaning that the electrical wave is being generated 60% of the time.

3.3.5 Spark Mill and power supply settings

The purpose of the coke graphitisation experiments, subsequent calculation of Lc and
temperatures was to quantitatively characterise the impact of each of the following four Spark
Milling set points;
•

Spark Milling Duration

•

Spark Mill Electrical Pulse Duration

•

Spark Mill Current Intensity

•

Spark Mill Vibration Amplitude

In order to test these set points, a standard set of experimental conditions were chosen. Each
chosen set point was then tested over a range of values with the remaining variables fixed. The
set of standard experimental conditions were chosen based on previous work by the author
(Bishop, 2007) and were selected with the aim of being neutral or in other words, not extremely
high or low;
•

0.7 mA Current Intensity

•

0.7 s Pulse Duration

•

0.5 Units Vibration Amplitude

•

4 Minutes Spark Milling duration

•

0.06 Grams of Coke

•

Atmosphere of flowing argon gas 1cc/minute
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The range of values tested for each of the four Spark Milling set points of interest are outlined in
Table 3.3.
Table 3.3: Range of Spark Mill set points tested
Milling Duration (min) Current Intensity (mA)
0.25
0.1
0.5
0.3
1
0.5
2
0.7
4
0.8
8
12
20

Vibration Amplitude (units)
0.2
0.4
0.5
0.6
0.8
1

Pulse Duration (s)
0.1
0.3
0.5
0.7
0.9

3.3.6 The Spark Milling procedure

To avoid contamination of samples, the Spark Milling reactor was thoroughly cleaned prior to
use. The cleaning procedure used for coke graphitisation was identical to that used for
Steelmaking flux calcination and is described in Section 3.2.6.
For the coke graphitisation experiments, a fixed mass of coke was used rather than the fixed
volume used for the calcination experiments. Using a fixed mass can be expected to eliminate
error, since mass is not affected by factors such as settling, porosity and variable particle size and
shape, which are all sources of error when a fixed volume is used.
The required mass of coke powder was measured out using the Sartorius CP224S scales which
are pictured in Figure 3.4. The coke powder sample was then placed in the milling cell recess as
shown in Figure 3.13, before closing and securing the milling chamber and connecting the gas
services.

Figure 3.13: Fine coke powder in the Spark Milling cell recess prior to milling
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A vacuum pump was used to purge air from the milling chamber atmosphere followed by
flooding the milling chamber with argon gas to above atmospheric pressure. This step was
repeated twice to guarantee high purity of the argon atmosphere. Argon gas flow was then
established at a rate of 1cc/min.
Milling settings for vibration amplitude, peak current intensity and pulse time were then selected
and Spark Milling carried out for the required duration. At the completion of milling, the
chamber was opened and the milled powders collected using a clean spatula. The resulting coke
powders were stored in sealed glass tubes until required for XRD, SEM and TEM analysis.
3.3.7 Coke particle characterisation by X-ray diffraction

The key objective of coke graphitisation during Spark Milling was to use the coke Lc as a
measure of the impact of various Spark Mill set points. The coke Lc is calculated from XRD
scans. Therefore, characterisation of coke powders produced by Spark Milling was mainly
focused on XRD and the subsequent Lc and temperature calculations. XRD was carried out on
coke powder samples before and after Spark Milling. The purpose of XRD was to demonstrate
that coke graphitisation had occurred during Spark Milling and to provide the necessary data
required to calculate the Lc of each sample. XRD also makes phase identification possible as the
crystal planes within a phase reflect at characteristic angles when irradiated with X-ray radiation.
Matching the angles at which these peaks of X-ray intensity occur against a database of known
materials therefore facilitates phase identification of an unknown sample and this aspect of XRD
was also utilised, although it was not the focus of this research.
The XRD machine, method and settings used were exactly the same for the coke samples as that
which was used for the Steelmaking fluxes and is outlined in Section 3.2.8. The settings and
radiation source (Copper Kα) for this machine are again shown in Table 3.4. Phase identification
was also carried out using the same method and database described in Section 3.4.1. Subsequent
calculation of the Coke Lc is described in detail in Section 3.3.9 and calculation of the processing
temperature is described in Section 3.3.10.
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Table 3.4: XRD settings for phase analysis of coke
GBC MMA X-Ray Diffractometer
Starting Angle (º)

10

Finish Angle (º)

100

Step Size (º)

0.05

Scanning Rate (º/min)

2

Generator Voltage (kV)

35

Generator Current (mA)

28.6

X-ray Wavelength (nm)

0.1541

3.3.8 Coke particle characterisation by SEM and TEM

Selected Spark Milled coke powders were characterised using SEM. The microscope used for
this purpose was the same Leica Cambridge Stereoscan S440 SEM used for characterisation of
Steelmaking fluxes. Coke powders were prepared for SEM by picking them up onto double sided
carbon tape and coating with gold as shown in Figure 3.14. Viewing of the coke powder
morphology was achieved using secondary electrons only. Magnifications up to 10000X were
used during SEM investigations. Additional TEM (Transmission Electron Microscopy) images
of one Spark Milled coke sample were provided by Dr David Wexler.

Figure 3.14: Coke powders on carbon tape substrate after gold coating

3.3.9 Calculation of average coke crystallite plane height (Lc)

The method used for calculating the Lc (average coke crystallite plane height) in this study was
based on the procedure used by Daly (2006) and Fitzpatrick (2006). These authors both studied
graphitisation behaviour of coke during annealing, using coke from the same batch that the coke
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for this study was sourced from. It was intended to follow the procedure used by these authors as
closely as possible, to allow meaningful comparison between the results and to facilitate an
estimation of the temperature experienced during Spark Milling, using the linear Lc versus
temperature relationship developed by Daly (2006).
This method used XRD in conjunction with the Scherrer Equation (Equation 3.1). The Scherrer
Equation was introduced in Section 2.6.2 as a technique for estimating the average crystallite
height of the (002) plane in the graphite structure.

Lhkl =

Kλ
β cos θ

(3.1)

Terms used in the Scherrer Equation are defined in Section 2.6.2 and Figure 3.14. When using
the Scherrer Equation for the (002) plane of coke, a value for the shape factor (K) of 0.89 is
assigned and the observed breadth (B) is the breadth of the reflection peak at half of the
maximum peak intensity on the XRD pattern (Daly, 2006), as demonstrated in Figure 3.15.
the 2θ position of the
peak maximum

Figure 3.15: Schematic diagram of the coke crystallite (002) reflection, defining the observed
breadth at half maximum (B), and angular position of the peak maximum 2θ and demonstrating
the selection of points of inflection and construction of the baseline (Fitzpatrick, 2006).
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The following method was used to determine the Lc, by analysis of the coke powder diffraction
patterns and the application of the Scherrer Equation. This section is adapted from Daly (2006)
and Fitzpatrick (2006).
1. The raw coke powder diffraction patterns were smoothed by application of the automatic
13-point smoothing operation in the Traces XRD software. This operation works similar
to a moving average by applying third order polynomial algorithms to fit 13 points of
data at a time. Raw and smoothed XRD patterns of spark milled coke are demonstrated in
Figure 3.16.

Figure 3.16: Demonstration of smoothing operation (a) Raw XRD pattern (b) Smoothed XRD pattern

2. A base line for the (002) reflection peak was constructed by selecting minima points on
either side of the reflection peak.
a. The 2θ angular position and intensity for each minima point was recorded.
b. The equation of the baseline was determined by using two-point coordinate
geometry as in Equation 3.2.
y − y1 y 2 − y1
=
x − x1
x 2 − x1

(3.2)

c. This baseline equation in the form of y = mx + b was applied to the increments of
2θ between the minima points selected either side of the reflection peak. The
resulting baseline construction is demonstrated in Figure 3.15.
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3. The maximum peak intensity was estimated visually before verification using the
recorded XRD data.
4. The peak maximum intensity, PM1 and its corresponding 2θ value were then used in the
determination of the half-maximum intensity breadth, HM1. This value was calculated
using Equation 3.3.

HM 1 =

PM 1 − BL1
+ BL1
2

Where
HM1

is half the intensity of the peak maximum

PM1

is the intensity at the peak maximum

BL1

is the base line intensity at the peak maximum

A graphical definition of these terms is provided in Figure 3.17.
the 2θ position of the
peak maximum

Figure 3.17: Graphical definition of the terms used for the calculation of the half-maximum
intensity (Fitzpatrick, 2006).
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(3.3)

5. The experimentally observed breadth at the peak half-maximum was then determined by
finding the two intersections of the line y = mx + (b + HM1) with the diffraction curve
(2θ1 and 2θ2). This value was then converted to radians and the breadth of the powder
reflection, B at peak half-maximum is given by Equation 3.4.

B=

π
180

(2θ 2 − 2θ1 )

(3.4)

6. The Lc is finally computed by inputting the determined values into the Scherrer Equation.

Lc =

0.89λ
B cos θ

Where
B

is the observed breadth of the powder reflection, measured in radians.

θ

is 2θ/2, 2θ being the angular position at the half maximum intensity of the (002)
reflection.

λ

is the wavelength of the X-ray Cu Kα radiation employed which was 0.1541 nm.

3.3.10 Calculation of coke temperature during Spark Milling

Coke used in this study was taken from the same batch used by Daly (2006) and Fitzpatrick
(2006). Daly observed a linear relationship between heat treatment temperature and Lc, over the
temperature range of 1573K to 1873K (1300°C to 1600ºC). Higher temperatures were not
investigated due to the limitations of the furnace being used. This relationship is described by
Equation 3.5 and can be used to estimate the temperature experienced by coke samples during
Spark Milling experiments
Lc = 0.0086T − 8.1441

(3.5)

Where
Lc

is the average coke crystallite height (nm)

T

is the heat treatment temperature in ºC

Rearranging Equation 3.5 to make T the subject gives Equation 3.6.
T=

Lc + 8.1441
0.0086
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(3.6)

4
RESULTS & DISCUSSION
4.1

Introduction

This chapter separately presents and discusses the experimental results for calcination of
Steelmaking fluxes and Spark Mill set point characterisation by graphitisation of metallurgical
coke. For the Steelmaking fluxes, these results include XRD scans as well as phases
subsequently identified by using the ICCD PDF database. Spark Mill settings are also tabulated
for each experiment. Selected SEM and TEM images are also presented in this chapter. For the
metallurgical coke, results are separated into a section for each of the four Spark Mill set points
investigated. For each of these set points, the calculated average crystallite plane heights (Lc) and
coke sample temperatures are tabulated and presented graphically. Selected SEM images are also
presented. The results presented for each group of materials are also interpreted and discussed.
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4.2

Calcination of limestone

4.2.1 X-ray diffraction results

Limestone was Spark Milled for periods of 5, 10 and 15 minutes. A flowing atmosphere of air
was used in all experiments. Milling settings and phases identified by XRD in the starting
powder and products of Spark Milling are described in Table 4.1. Labelled XRD patterns for
these powders are shown in Figure 4.1.
Table 4.1: Spark Mill settings and phases identified by XRD for limestone calcination
Experiment
Type

Calcination of
Limestone

Sample ID

EDAMM Duration
Flowing
Vibration
Peak Current
Atmosphere
(min)
Gas? Amplitude (V) Intensity (mA)

Current
Wavelength (s)

Identified Phases

LS0

Starting Powder

Limestone

LS9

5

Air

Y

0.6

0.9

0.7

Limestone & Lime

LS8

10

Air

Y

0.6

0.9

0.7

Limestone & Lime

LS10

15

Air

Y

0.6

0.9

0.7

Lime

Figure 4.1: XRD patterns of Spark Milled limestone (a) Starting powder
(b) Milled in air for 5 minutes (c) Milled in air for 10 minutes (d) Milled in air for 15 minutes
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This XRD analysis confirms that limestone (CaCO3) was the primary phase present in the
starting powder. After Spark Milling for 5 minutes, a mixture of both limestone and lime (CaO)
was identified. This was also the case after 10 minutes milling, however most of the peaks
corresponding to the starting phase, limestone were no longer observed, indicating that this phase
had almost disappeared. Finally, after 15 minutes of milling time, peaks for limestone were no
longer observed and only lime remained, indicating complete elimination of the starting
limestone phase.
Figure 4.2 shows the XRD pattern of Steelmaking lime (CaO) obtained by limestone (CaCO3)
calcination in an industrial rotary kiln compared to that obtained by Spark Milling limestone for
5 minutes. These XRD patterns show the same peak positions and very similar peak intensities
indicating that they are chemically equivalent. Limestone and lime phases can be identified from
both samples.

Figure 4.2: XRD patterns of (a) Limestone calcined in an industrial rotary kiln for 4 hours
(b) Limestone Spark Milled for 5 Minutes

4.2.2 Scanning electron microscopy results

Scanning electron microscopy was carried out in secondary electron and backscattered electron
mode for cross sectioned lime (CaO) samples produced from 5, 10 and 15 minutes of Spark
Milling. The complete series of images can be found in Appendices E to G. Secondary electron
images of each sample at 2500X magnification are also shown in Figures 4.3 to 4.5. These
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images demonstrate the nucleation and evolution of lime from limestone (CaCO3) and also
indicate that the diameter of a typical lime particle produced by Spark Milling is 70 µm.
Figure 4.3 shows the limestone (CaCO3) sample Spark Milled for 5 minutes. This image
confirms that the starting limestone phase has only been partially calcined to lime (CaO). What
can be seen here is that calcination begins by cracking of the starting limestone particle as carbon
dioxide (CO2) gas emerges nucleates inside the limestone particle. The newly formed lime phase
nucleates and grows from these crack surfaces and lime continues to be produced at the expense
of the starting limestone phase. This has produced what could be described as a honeycomb
structure of lime with pieces of unreacted limestone particles wedged within this structure.

2500X

1µm

Figure 4.3: SEM secondary electron image of a cross
sectioned limestone particle Spark Milled in air for 5 minutes

As calcination by Spark Milling continues to 10 minutes, the bulk of the remaining limestone
(CaCO3) is calcined to produce lime (CaO). This microstructure appears in Figure 4.4 where it
can be seen that the pieces of retained lime wedged within the honeycomb structure in Figure 4.3
have completely disappeared and only the porous lime microstructure remains. There are also
some denser areas which can be seen in the particle which is evidence that some sintering has
begun to occur within the lime particle.
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2500X

1µm

Figure 4.4: SEM secondary electron image of a cross
sectioned limestone particle Spark Milled in air for 10 minutes

The image in Figure 4.5 shows the microstructure of lime (CaO) produced by 15 minutes of
Spark Milling. This microstructure is similar in appearance to the sample Spark Milled for 10
minutes which indicates that no further reaction or densification has occurred.

2500X

1µm

Figure 4.5: SEM secondary electron image of a cross
sectioned limestone particle Spark Milled in air for 15 minutes

4.2.3 Discussion

These results clearly demonstrate that Spark Milling is a suitable technique for inducing
calcination of limestone (CaCO3) to produce lime (CaO). This reaction is described by Equation
4.1. Inspection of the XRD and SEM results over milling durations of 5, 10 and 15 minutes
shows that calcination occurred progressively, with peaks for lime gradually getting larger at the
expense of peaks for limestone. After 10 minutes, calcination is virtually complete, with just two
very small peaks representing limestone remaining and no evidence of retained limestone in the
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secondary electron image (Figure 4.4). After 15 minutes, there is no limestone remaining
indicating that the product is dead burnt lime. Therefore, complete calcination of limestone to
lime occurs between 10 and 15 minutes when using these milling settings.
CaCO3 → CaO + CO2

(4.1)

It was established in Section 2.5.2 that the minimum temperature required to induce calcination
of limestone (CaCO3) is 1173K (900°C). Therefore, this result indicates that milling conditions
during this set of Spark Milling experiments were the equivalent to a temperature of at least
1173K (900°C).
Comparing the XRD results of limestone (CaCO3) calcined by Spark Milling and limestone
calcined by an industrial rotary kiln (Figure 4.2) shows that Spark Milling limestone for 5
minutes will produce an equivalent product to that produced by an industrial rotary kiln. In other
words, Spark Milling limestone for 5 minutes will produce a soft burnt lime (CaO) with suitable
chemistry for Steelmaking flux. Although the chemical properties of this lime are suitable, the
physical properties are not. Steelmaking fluxes typically require a minimum particle size of 6mm
in order to prevent their loss to the waste gas stream of the Steelmaking converter. Powdered
lime particles, like those produced by Spark Milling would only be suitable in bottom-blown
steelmaking converters such as Q-BOP and some advanced Ironmaking technologies such as
HiSmelt, which inject limestone fines less than 6mm, directly into the hot metal bath.
It should be noted, of course, that lime (CaO) is used in many other applications as discussed in
Section 2.5.2. Many of these applications require lime in a powdered form which means that
even if the Spark Milling process cannot be modified to produce a suitably large lime particle for
Steelmaking, there may still be a commercial outlet for such a product.
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4.3

Calcination of dolomite

4.3.1 X-ray diffraction results

Dolomite (Ca,Mg[CO3]2) was Spark Milled for periods of 5, 10 and 15 minutes. Milling
conditions were identical to those used for limestone (CaCO3) with a flowing atmosphere of air
used in all experiments. Milling settings and phases identified by XRD in the starting powder
and products of Spark Milling are described in Table 4.2. Labelled XRD patterns for these
powders are shown in Figure 4.6.
Table 4.2: Spark Mill settings and phases identified by XRD for dolomite calcination
Experiment
Type

Calcination of
Dolomite

Sample ID

EDAMM Duration
Flowing
Vibration
Peak Current
Atmosphere
(min)
Gas? Amplitude (V) Intensity (mA)

Current
Wavelength (s)

Identified Phases

DM0

Starting Powder

Dolomite

DM4

5

Air

Y

0.6

0.9

0.7

Dolomite & Doli

DM5

10

Air

Y

0.6

0.9

0.7

Dolomite & Doli

DM3

15

Air

Y

0.6

0.9

0.7

Doli

Figure 4.6: XRD patterns of Spark Milled dolomite (a) Starting powder
(b) Milled in air for 5 minutes (c) Milled in air for 10 minutes (d) Milled in air for 15 minutes
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This XRD analysis confirms that dolomite (Ca,Mg[CO3]2) was the primary phase present in the
starting powder. After Spark Milling for 5 minutes, a mixture of dolomite, lime (CaO) and
periclase (MgO) was identified. This was also the case after Spark Milling for 10 minutes,
however all but one of the peaks corresponding to the starting phase, dolomite were no longer
observed, indicating that this phase had virtually disappeared. Finally, after 15 minutes of
milling time, peaks for dolomite were no longer observed and only lime and periclase remained,
indicating complete elimination of the starting dolomite phase. It should be noted that the
collective

mixture

of

lime

and

periclase

is

what

is

referred

to

as

doli

(MgO and CaO).
Figure 4.7 shows the XRD pattern of Steelmaking doli (MgO and CaO) obtained by calcination
of dolomite (Ca,Mg[CO3]2) in an industrial rotary kiln compared to that obtained by Spark
Milling dolomite for 15 minutes. These XRD patterns show the same peak positions and similar
peak intensities. Dolomite has been completely eliminated from both samples and the calcination
products of doli are identified in both samples, indicating that the product chemistries are very
similar.

Figure 4.7: XRD patterns of (a) Dolomite calcined in an industrial rotary kiln for 4 hours
(b) Dolomite Spark Milled for 15 minutes
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4.3.2 Scanning electron microscopy results

Scanning electron microscopy was carried out in secondary electron and backscattered electron
mode for cross sectioned doli (MgO and CaO) samples produced from 5, 10 and 15 minutes of
Spark Milling. The complete series of images can be found in Appendices H to J. Secondary
electron images of each sample at 5000X magnification are also shown in Figures 4.8 to 4.10.
These images demonstrate the nucleation and evolution of doli from dolomite (Ca,Mg[CO3]2)
and also indicate that the diameter of doli particles produced by Spark Milling is typically 70
µm, which is the same as was found for lime (CaO). As is the case for lime, the doli
microstructure is open and porous which is as a result of mass loss through the evolution of
carbon dioxide (CO2) gas during calcination.
Figure 4.8 shows the dolomite (Ca,Mg[CO3]2) sample Spark Milled for 5 minutes. This image
indicates that calcination of dolomite to doli (MgO and CaO) has already neared completion
after just 5 minutes as there is no evidence of any unreacted dolostone. The microstructure
appears like an agglomeration of much smaller particles with a porous microstructure due to the
nucleation, evolution and escape of carbon dioxide (CO2) gas from within the starting dolostone
particle. Unfortunately it appears that this sample was not sufficiently polished to produce a
cross sectioned surface. Instead, the outer particle surface can be seen in Figure 4.8.

5000X

2µm

Figure 4.8: SEM secondary electron image of a cross
sectioned limestone particle Spark Milled in air for 5 minutes

As calcination by Spark Milling continues to 10 minutes, little change in the doli (MgO and
CaO) microstructure is observed. This microstructure appears in Figure 4.9 where it might be
said that some reduction in the porosity is observed, compared to the sample Spark Milled for 5
minutes (Figure 4.8). This suggests that some sintering and densification has occurred.
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Unfortunately, it appears that this sample was not sufficiently polished to produce a cross
sectioned surface. Instead, the outer particle surface can be seen in Figure 4.9.

5000X

1µm

Figure 4.9: SEM secondary electron image of a cross
sectioned limestone particle Spark Milled in air for 10 minutes

The image in Figure 4.10 shows the microstructure of doli (MgO and CaO) produced by 15
minutes of Spark Milling. This microstructure is far less open that the samples produced by
Spark Milling for 5 minutes and 10 minutes. This indicates that significant sintering has occurred
as Spark Milling duration was extended, leading to pore closure and densification of the sample.

5000X

2µm

Figure 4.10: SEM secondary electron image of a cross
sectioned limestone particle Spark Milled in air for 15 minutes

4.3.3 Discussion

These results demonstrate that Spark Milling dolomite (Ca,Mg[CO3]2) is a suitable technique for
inducing calcination of dolomite to produce doli (MgO and CaO). This calcination reaction is
described by Equation 4.2. Inspection of XRD results for milling durations of 5, 10 and 15
62

minutes shows that calcination occurred progressively, with peaks for lime (CaO) and periclase
(MgO) becoming larger, at the expense of XRD peaks for dolomite. Calcination of dolomite
showed behaviour consistent with that of calcination of limestone (CaCO3), in terms of the
milling duration required and the fact that calcination occurred progressively throughout this
duration.
After 10 minutes, calcination is virtually complete, with just one very small dolomite
(Ca,Mg[CO3]2) peak remaining. After 15 minutes, there are no peaks representing dolomite
remaining, indicating that the product is dead burnt doli (MgO and CaO). Therefore, complete
calcination of dolomite to doli by Spark Milling occurs between 10 and 15 minutes.
CaMg(CO3)2 → CaO + MgO + 2CO2

(4.2)

It was established in Section 2.5.3 that the minimum temperature required to induce calcination
of dolomite (Ca,Mg[CO3]2) is 672K (399°C). Therefore, this result indicates that milling
conditions during this set of Spark Milling experiments were the equivalent to a temperature of
at least 672K (399°C). This temperature is 501K less than the temperature at which limestone
(CaCO3) is calcined and it might have therefore been expected that calcination of dolomite by
Spark Milling would be quicker than that of limestone. However, calcination required the same
milling duration for both of these carbonate materials.
What this might mean is that the rate limiting mechanism during Spark Milling is not heat
transfer to the reaction interface as is the case during rotary kiln calcination. The smaller particle
size and crushing action provided by the Spark Milling reactor may cause heat transfer to be
sufficiently rapid that another mechanism such as transport of carbon dioxide (CO2) away from
the reaction interface is the new rate limiting step. An experiment to test this hypothesis would
be to calcine dolomite (Ca,Mg[CO3]2) or limestone (CaCO3) by Spark Milling with varying rates
of air flow through the milling cell for a fixed milling duration. If removal of carbon dioxide
away from the reaction interface is the rate limiting step, then the degree of calcination as
indicated by the XRD patterns should vary with different air flow rates.
Another explanation could be that the rate limiting step is transport of the dolomite
(Ca,Mg[CO3]2) particles from the edge of the cell to the central reaction zone. This would
explain the equivalent processing times required for both limestone (CaCO3) and dolomite
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calcination as both materials can be expected to have been mixed during Spark Milling at the
same rate.
Comparing the XRD results of dolomite (Ca,Mg[CO3]2) calcined by Spark Milling and dolomite
calcined by an industrial rotary kiln (Figure 4.7) shows that Spark Milling dolomite for 15
minutes will produce an equivalent product to that produced by an industrial rotary kiln. In other
words, Spark Milling dolomite for 15 minutes will produce a dead burnt doli (MgO and CaO)
product with suitable chemistry for Steelmaking flux.
As is the case with lime (CaO) produced by Spark Milling, the physical properties of doli (CaO
& MgO) produced by this technique are not ideal for use as Steelmaking fluxes. As the doli
particles are a powder, they are too small for conventional use in this regard. Powdered doli
particles, like those produced by Spark Milling would only be suitable in bottom-blown
Steelmaking converters such as Q-BOP and some advanced Ironmaking technologies such as
HiSmelt, which inject flux fines less than 6mm, directly into the hot metal bath. Unlike lime, doli
finds limited applications apart from as a metallurgical flux. One alternative application is as a
refractory material, in which case, a powdered product is able to be used in manufacture.
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4.4

Ferruginous lime

4.4.1 X-ray diffraction results

The prepared limestone (CaCO3) and hematite (Fe2O3) iron ore mixture was Spark Milled for
periods of 5, 10 and 15 minutes. Milling conditions were identical to those used for limestone
and dolomite (Ca,Mg[CO3]2) with a flowing atmosphere of air used in all experiments. Milling
settings and phases identified by XRD in the starting powder and products of Spark Milling are
described in Table 4.3. Labelled XRD patterns for these powders are shown in Figure 4.11.
Table 4.3: Spark Mill settings and phases identified by XRD for ferruginous lime synthesis
Experiment
Type

Ferruginous
Lime

Sample ID

EDAMM Duration
Flowing
Vibration
Peak Current
Atmosphere
(min)
Gas? Amplitude (V) Intensity (mA)

Current
Wavelength (s)

Identified Phases

FL0

Starting Powder

Limestone & Hematite

FL1

5

Air

Y

0.6

0.9

0.7

Limestone, Hematite & Lime

FL2

10

Air

Y

0.6

0.9

0.7

Limestone, Lime & Dicalcium Ferrite

FL3

15

Air

Y

0.6

0.9

0.7

Lime & Dicalcium Ferrite

Figure 4.11: XRD patterns of Spark Milled limestone and hematite mixture
(a) Starting powder (b) Milled in air for 5 minutes (c) Milled in air for 10 minutes
d) Milled in air for 15 minutes
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This XRD analysis confirms that limestone (CaCO3) and hematite (Fe2O3) were the primary
phases present in the starting powder. After Spark Milling for 5 minutes, a mixture of limestone,
hematite and lime (CaO) was identified. After 10 minutes of Spark Milling, most of the peaks
corresponding to one of the starting phases, limestone were no longer observed indicating that
this phase had almost disappeared in favour of its calcined product, lime. Evidence of the desired
dicalcium ferrite phase (2CaO.Fe2O3) was also beginning to emerge at the expense of hematite.
Finally, after 15 minutes of milling time, peaks for limestone were no longer observed and only
lime and dicalcium ferrite remained, indicating complete elimination of the starting limestone
and hematite phases.
It should be noted that phase identification using XRD after 5 and 10 minutes of milling time
was difficult for this set of experiments as XRD patterns corresponding to lime (CaO), limestone
(CaCO3), hematite (Fe2O3) and dicalcium ferrite (2CaO.Fe2O3) share many common diffraction
angles. It is possible that a combination of all four of these phases were present in the products
for milling durations of 5 and 10 minutes.
4.4.2 Scanning electron microscopy results

The SEM images for the sample Spark Milled for 5 minutes in Figures 4.12 and 4.13 appear to
show the surface of the ferruginous lime particle rather than a cross section. This suggests that
the mounted sample was not sufficiently polished or grinded down prior to observation in the
SEM. Nevertheless, these images demonstrate the onset of calcination in an identical manner to
that of limestone (CaCO3) where the evolution of carbon dioxide gas (CO2) causes the limestone
to crack and then the new fracture surfaces provide a nucleation site from which the new lime
(CaO) grows. The SEM images in Figures 4.14 to 4.17 have been sufficiently grinded and
polished to show a true cross section and demonstrate that the ferruginous lime morphology is
very similar between the sample Spark Milled for 10 minutes and 15 minutes. Both of these
samples are dominated by newly calcined lime, with some evidence of retained limestone. The
complete series of ferruginous lime SEM images can be found in Appendices L to S.
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5000X

2µm

5000X

Figure 4.12: SEM secondary electron image
of a cross sectioned ferruginous lime particle
Spark Milled in air for 5 minutes

5000X

Figure 4.13: SEM backscattered electron
image of a cross sectioned limestone particle
Spark Milled in air for 5 minutes

5000X

2µm

Figure 4.14: SEM secondary electron image
of a cross sectioned ferruginous lime particle
Spark Milled in air for 10 minutes

5000X

2µm

2µm

Figure 4.15: SEM backscattered electron
image of a cross sectioned ferruginous lime
particle Spark Milled in air for 10 minutes

2µm

5000X

Figure 4.16: SEM secondary electron image
of a cross sectioned ferruginous lime particle
Spark Milled in air for 15 minutes

2µm

Figure 4.17: SEM backscattered electron
image of a cross sectioned ferruginous lime
particle Spark Milled in air for 15 minutes
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4.4.3 Discussion

As was the case for limestone (CaCO3) in Section 4.1, Spark Milling the prepared mixture of
limestone and hematite (Fe2O3) induced complete calcination between 10 and 15 minutes. The
calcination reaction is described in Equation 4.3. However, the aim of this set of experiments
was to also develop a layer of dicalcium ferrite (2CaO.Fe2O3) on the surface of the calcined lime
(CaO) particles, thus producing ferruginous lime.
The XRD analysis indicates that both lime (CaO) and dicalcium ferrite (2CaO.Fe2O3) phases
were successfully synthesised. These were the only remaining phases after 15 minutes of milling
time and therefore Spark Milling is a suitable technique for production of ferruginous lime
powder. The reaction sequence is described by Equations 4.3 and 4.4.
CaCO3 → CaO + CO2

(4.3)

2CaO + Fe2O3 → 2CaO.Fe2O3

(4.4)

The XRD patterns indicate that lime (CaO) and dicalcium ferrite (2CaO.Fe2O3) developed
progressively throughout the entire milling duration. Although dicalcium ferrite was not
identified on the XRD pattern after 5 minutes, it is likely that it was present in small
concentrations. As discussed in Section 4.8.1, these peaks may be hidden by other phases which
share similar diffraction angles but are present in higher concentrations.
Phase distribution in ferruginous lime is important and the aim was to produce a coating of
dicalcium ferrite (2CaO.Fe2O3) on the surface of lime (CaO) particles. Given the mechanical
milling aspect of Spark Milling, it is possible that dicalcium ferrite exists in the centre of these
particles as well as the surface, particularly if fracture, followed by melting and bonding or
sintering of particles has occurred. If this is the case, it would not be detrimental to the
application of this product as a Steelmaking flux. It would be expected that the presence of this
lower melting point phase throughout lime particles would assist rather than hinder an increased
rate of lime dissolution when used as a Steelmaking flux.
The ratio of hematite (Fe2O3) to limestone (CaCO3) of 1 to 10 in the starting powder mixture was
chosen based on prior research by Lee et al (2002). In this work, starting limestone particles
were approximately 15 mm in diameter. This is much larger than powders used in this study and
therefore the powdered limestone used in this study has a much larger specific surface area. With
this in mind, the dicalcium ferrite coating in the current work is likely to be thinner and patchier
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than that produced in the work by Lee et al (2002), since there is a larger surface area for the
hematite to coat and react with. This is confirmed by the SEM images shown in Appendix N and
O which demonstrate that spherical iron rich particles tended to adhere to the surface of the lime
particles, rather than form an even coating. With this in mind, it would be appropriate to increase
the ratio of hematite to limestone in future work to improve the dicalcium ferrite coating.
Therefore, Spark Milling is a suitable technique for production of ferruginous lime powders in
less than 15 minutes. In terms of usefulness as a Steelmaking flux, it is likely that a powdered
form of ferruginous lime has little commercial value and the author is unaware of any other
practical application suited to powdered ferruginous lime. In conventional Steelmaking
converters where fluxes are dumped from above the bath, powders less than 6mm in diameter,
like those produced in this study will inevitably be sucked into the waste gas stream before
reaching the smelting bath. In bottom blown Steelmaking converters and other alternative iron
and Steelmaking technologies which inject fine fluxes directly into the bath, the large specific
surface area of these fines is sufficient for rapid dissolution, therefore not requiring a low
melting point coating such as dicalcium ferrite. Thus, it can be established that the Spark Milling
technique would need to be adapted to produce a minimum particle size of 6mm, to be useful in
production of ferruginous lime as particles greater than this size will not be fluidised and exit via
Steelmaking offgas systems (Bock, 2006). This might be possible in a scaled up version of the
reactor cell.
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4.5

Graphitisation of metallurgical coke

4.5.1 Spark Milling duration

Coke was Spark Milled over a range of durations and submitted to XRD. Each coke samples Lc
and processing temperature was subsequently calculated from these XRD traces according to the
methods outlined in Sections 3.3.9 and 3.3.10. Spark Milling settings, subsequent coke Lc values
and calculated processing temperatures are summarised in Table 4.4 and a plot demonstrating the
impact of Spark Milling duration on the coke Lc, is presented in Figure 4.18.

Table 4.4: Spark Mill variables and phases identified by XRD for investigation of Spark Milling duration by
graphitisation of metallurgical coke
Sample
BC0
MC1
MC2
MC3
MC4
MC5
MC6
MC7
MC8

Spark Milling Duration
(min)
0
0.25
0.5
1
2
4
8
12
20

Current Intensity Pulse Duration
(mA)
(s)
0
0
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7

Vibration Amplitude Coke Mass Argon Flow Rate
Lc
T (K)
(units)
(grams)
(cc/min)
(nm)
2.21 1477
0
0.6
0
0.5
0.6
1
2.93 1561
0.5
0.6
1
2.74 1538
0.5
0.6
1
3.23 1595
4.61 1756
0.5
0.6
1
0.5
0.6
1
5.76 1890
0.5
0.6
1
8.97 2263
0.5
0.6
1
10.09 2393
0.5
0.6
1
10.09 2393

12
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Lc (nm)

8
6
4
2
0
0

5

10

15

20

25

Milling Duration (min)

Figure 4.18: Plot showing evolution of the average coke crystallite plane height
(Lc), with increased Spark Milling duration

Increased Spark Milling duration leads to increased overall energy input and therefore increased
temperatures. As expected, the coke Lc therefore increases with increased Spark Milling time. It
is also noted that the coke Lc does not increase further after 12 minutes of Spark Milling. This
suggests that a maximum temperature has been obtained throughout the coke powder sample
between 8 and 12 minutes and that graphitisation does not proceed further, with additional Spark
Milling duration.
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The coke Lc was subsequently used to calculate the temperature that each coke sample was
exposed to during Spark Milling, according to the relationship developed by Daly (2006) as
discussed in Section 3.3.10. These results are also presented in Table 4.4 and are illustrated
graphically in Figure 4.19 The results indicate that temperatures up to 2393K (2120°C) are
experienced by the coke particles for Spark Milling durations of 12 and 20 minutes.
Unfortunately, the linear relationship developed by Daly (2006) can only be relied upon up to a
temperature of 1873K (1600°C). Therefore, the only temperature estimates which can be relied
on with any confidence are those for Spark Milling durations up to 2 minutes. The reasons for
this limitation are discussed further in Section 4.5.5.
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Figure 4.19: Plot showing evolution of the calculated coke sample temperature
with increased Spark Milling duration

Selected coke samples from this group of experiments were also characterised by SEM. The
samples chosen were the coke starting powder (BC0) and the coke samples Spark Milled for 4
minutes (MC5) and 20 minutes (MC8). The Spark Mill settings for each of these samples are
outlined in Table 4.4 and the 2500X magnification secondary electron images of each sample are
shown in Figures 4.20 to 4.24. The complete series of coke SEM images can be found in
Appendices T to V.
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2500X

10µm

Figure 4.20: SEM secondary electron image of
starting coke powder sample BC0

2500X

2500X

10µm

Figure 4.21: SEM secondary electron image of
coke sample MC5 Spark Milled for 4 minutes

2500X

10µm

Figure 4.22: SEM secondary electron image of
coke sample MC5 Spark Milled for 4 minutes

10µm

2500X

Figure 4.23: SEM secondary electron image of
coke sample MC8 Spark Milled for 20 minutes

10µm

Figure 4.24: SEM secondary electron image of
coke sample MC8 Spark Milled for 20 minutes
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The starting powder SEM shown in Figure 4.20 shows broken up, irregular pieces of coke which
are typically 40µm in diameter along with a small number of much finer coke particles which are
typically 1µm in diameter. These finer coke particles are most likely to have chipped off from
the jagged edges of the larger particles by abrasion during ball milling.
The particle morphologies produced by Spark Milling for 4 minutes and 20 minutes which are
shown in Figures 4.21 to 4.24 are very similar. Both samples are dominated by broken up,
irregular pieces of coke which range in size from approximately 1µm to 15µm. The smaller
particle size indicates that size reduction has occurred during Spark Milling. The sample milled
for longer demonstrates a greater tendency for the coke particles to form agglomerations of
smaller particles. The presence of a greater fraction of smaller particles with increasing milling
duration can be attributed to the mechanical milling action in the Spark Mill.
In addition to the irregular coke particles in the Spark Milled samples shown in Figures 4.21 to
4.24, there are a small number of spherical particles which can be seen. The presence of
spherical particles is indicative of melting. It is very unlikely that these spherical particles are
carbon or coke based as carbon sublimes at atmospheric pressure rather than melting, as
demonstrated by the phase diagram in Figure 4.25. Instead, it is more likely that the spherical
particles are based on the lower melting temperature ash components of the starting coke powder
such as a silica (SiO2), alumina (Al2O3) and lime (CaO) which are likely to have melted and
formed a slag (molten oxide) phase during Spark Milling.

Figure 4.25: Carbon phase diagram demonstrating that carbon
sublimes to vapour rather than melting to liquid (Bundy, 1989)
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The coke sample Spark Milled for 12 minutes was observed at much higher magnifications by
TEM. Figure 4.26 demonstrates linear graphite planes in this sample whilst Figure 4.27
demonstrates a combination of both parallel linear and parallel wrinkly graphite sheets. These
images can be compared to Marchand’s (1986) description of the mechanism of coke
graphitisation described in Section 2.6.2 and illustrated in Figure 2.16. The change from parallel,
wrinkly graphite sheets to parallel, linear graphite sheets begins to occur at a temperature of
2300K (2027°C) which provides additional evidence that these elevated processing temperatures
are provided by the Spark Milling environment.

800000X

500000X

5nm

10nm

Figure 4.27: TEM image of coke sample MC7
Spark Milled for 12 minutes (Courtesy of Dr
David Wexler)

Figure 4.26: TEM image of coke sample MC7
Spark Milled for 12 minutes (Courtesy of Dr
David Wexler)
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4.5.2 Spark Milling current intensity

Coke was Spark Milled over a range of current intensities and submitted to XRD. Each coke
samples Lc and processing temperature was subsequently calculated from these XRD traces
according to the methods outlined in Sections 3.3.9 and 3.3.10. Spark Milling settings and
subsequent coke Lc values are summarised in Table 4.5 and a plot demonstrating the impact of
Spark Milling current intensity on the coke Lc, is presented in Figure 4.28.
Table 4.5: Spark Mill variables and phases identified by XRD for investigation of Spark Milling current
intensity by graphitisation of metallurgical coke
Sample
BC0
CC1
CC2
CC3
CC4
CC5

Spark Milling Duration
(min)
0
4
4
4
4
4

Current Intensity Pulse Duration
(mA)
(s)
0
0
0.1
0.7
0.3
0.7
0.5
0.7
0.7
0.7
0.8
0.7

0

0.2

Vibration Amplitude Coke Mass Argon Flow Rate
(units)
(grams)
(cc/min)
0
0.6
0
0.5
0.6
1
0.5
0.6
1
0.5
0.6
1
0.5
0.6
1
0.5
0.6
1

Lc
(nm)
2.21
3.51
3.59
5.21
6.45
6.72

T (K)
1477
1628
1637
1825
1971
2002

8
7
6
Lc (nm)

5
4
3
2
1
0
0.1

0.3

0.4

0.5

0.6

0.7

0.8

0.9

Current Intensity (mA)

Figure 4.28: Plot showing evolution of the average coke crystallite plane height
(Lc), with increased Spark Milling current intensity

An increase in Spark Milling current intensity leads to increased overall energy input and
therefore increased temperatures. As expected, the coke Lc increases with increased current
intensity. No maximum Lc was found with the range of current intensities tested, although it is
noted that at the higher current intensities, the increase in coke Lc was beginning to taper off
suggesting that an upper limit might be reached if higher Spark Milling current intensities are
tested.
The coke Lc was subsequently used to calculate the temperature that each coke sample was
exposed to during Spark Milling, according to the relationship developed by Daly (2006)
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discussed in Section 3.3.10. These results are also presented in Table 4.5 and are illustrated
graphically in Figure 4.29 and indicate that temperatures up to 2002K (1729°C) are experienced
by the coke particles for a current intensity of 0.8 mA. As previously indicated, the linear
relationship developed by Daly (2006) can only be relied upon up to a temperature of 1873K
(1600°C) and therefore the only temperature estimates which can be relied on with any
confidence are those for Spark Milling durations up to 0.5 mA. This limitation is discussed
further in Section 4.5.5.
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Figure 4.29: Plot showing evolution
of theIntensity
calculated
with increased Spark Milling current intensity
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4.5.3 Spark Milling vibration amplitude

Coke was Spark Milled over a range of vibration amplitudes and submitted to XRD. Each coke
samples Lc and processing temperature was subsequently calculated from these XRD traces
according to the methods outlined in Sections 3.3.9 and 3.3.10. Spark Milling settings, coke Lc
values and calculated processing temperatures are summarised in Table 4.6 and a plot
demonstrating the impact of Spark Milling vibration amplitude on the coke Lc, is presented in
Figure 4.30.
Table 4.6: Spark Mill variables and phases identified by XRD for investigation of Spark Milling vibration
amplitude by graphitisation of metallurgical coke
Sample
BC0
AC1
AC2
AC3
AC4
AC5
AC6

Spark Milling Duration
(min)
4
4
4
4
4
4
4

Current Intensity Pulse Duration
(mA)
(s)
0
0
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7

Vibration Amplitude Coke Mass Argon Flow Rate
(units)
(grams)
(cc/min)
0
0.6
0
0.2
0.6
1
0.4
0.6
1
0.5
0.6
1
0.6
0.6
1
0.8
0.6
1
1
0.6
1

Lc
(nm)
2.21
3.05
7.69
7.34
7.02
5.57
5.21

T (K)
1477
1574
2114
2073
2036
1867
1826

9
8
7

Lc (nm)

6
5
4
3
2
1
0
0

0.2

0.4

0.6

0.8

1

1.2

Vibration Amplitude (Units)

Figure 4.30: Plot showing evolution of the average coke crystallite plane height
(Lc), with increased Spark Milling vibration amplitude

These results show that there is an optimum vibration amplitude and are consistent with previous
observations by Carolan (2003) which are illustrated in Figure 4.31. In this set of experiments
the maximum coke Lc and therefore coke graphitisation occurred at a setting of 0.4. In Carolan’s
work, which concentrated on size reduction of alumina (Al2O3), the optimum vibration
amplitude was found to occur at a set point of 0.6. Two possible mechanisms are proposed for
this. At lower amplitudes, increasing the amplitude might also increase size reduction of the coke
particles and therefore increase heat transfer to the centre of the coke particles and increased
graphitisation. At higher amplitudes, the heat produced by the plasma is spread over a larger
volume and not locally concentrated near the coke powder, leading to lower temperatures
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experienced by the coke particles and therefore a lesser extent of graphitisation. In addition, at
higher amplitudes there are a reduced number of impacts. This leads to less particle fracture,
larger particles and therefore reduced heat transfer to the centre of the coke particles. It is likely

Al2O3 Mean Particle Size µm

that the presence of an optimum vibration amplitude is an artifact of all of these mechanisms.
35
30
25
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0
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Figure 4.31: Plot showing impact of Spark Milling vibration amplitude on alumina
particle size reduction (Carolan, 2003)

The coke Lc was used to calculate the temperature that each coke sample was exposed to during
Spark Milling, according to the relationship developed by Daly (2006) which was discussed in
Section 3.3.10. These results are also presented in Table 4.6 and are illustrated graphically in
Figure 4.32 and indicate that temperatures up to 2114K (1841°C) are experienced by the coke
particles for an optimum vibration amplitude of 0.4. As previously indicated, the linear
relationship developed by Daly (2006) can only be relied upon up to a temperature of 1873K
(1600°C) and therefore coke sample temperatures calculated for vibration amplitudes between
0.4 and 0.6 cannot be considered reliable. This limitation is discussed further in Section 4.5.5.
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Figure 4.32: Plot showing evolution of the calculated coke sample temperature
with increasing Spark Milling vibration amplitude
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4.5.4 Spark Milling pulse duration

Coke was Spark Milled over a range of pulse durations and submitted to XRD. Each coke
samples Lc and processing temperature was subsequently calculated from these XRD traces
according to the methods outlined in Sections 3.3.9 and 3.3.10. Spark Milling settings and coke
Lc values are summarised in Table 4.7 and a plot demonstrating the impact of Spark Milling
pulse duration on the coke Lc, is presented in Figure 4.33.
Table 4.7: Spark Mill variables and phases identified by XRD for investigation of Spark Milling pulse
duration by graphitisation of metallurgical coke
Sample
BC0
PC1
PC2
PC3
PC4
PC5

Spark Milling Duration
(min)
4
4
4
4
4
4

Current Intensity Pulse Duration
(mA)
(s)
0
0
0.7
0.1
0.7
0.3
0.7
0.5
0.7
0.7
0.9
0.7

Vibration Amplitude Coke Mass Argon Flow Rate
(units)
(grams)
(cc/min)
0
0.6
0
0.5
0.6
1
0.5
0.6
1
0.5
0.6
1
0.5
0.6
1
0.5
0.6
1

Lc
(nm)
2.21
2.37
2.83
4.75
5.57
7.34

T (K)
1477
1496
1549
1772
1867
2073

8
7
6
Lc (nm)

5
4
3
2
1
0
0
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Figure 4.33: Plot showing evolution of the average coke crystallite plane height
(Lc), with increased Spark Milling pulse duration

Increased Spark Milling pulse duration was shown to lead to an increased coke Lc and degree of
graphitisation. This result is expected as increased pulse duration has the impact of increasing the
amount of energy input to the coke powder sample. This result indicates that at least for the
application of coke graphitisation, the current pulsing feature may have no benefit. It would be of
value to conduct the experiment again with no pulse at all to test this hypothesis. It is also noted
that over the range of pulse durations tested, there is no evidence of an optimum pulse duration,
which increases confidence that there is no benefit from pulsing the current in this application.
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The coke Lc was subsequently used to calculate the temperature that each coke sample was
exposed to during Spark Milling, according to the relationship developed by Daly (2006) which
was discussed in Section 3.3.10. These results are also presented in Table 4.7 and are illustrated
graphically in Figure 4.34 and indicate that temperatures up to 2073K (1800°C) are experienced
by the coke particles for a pulse duration of 0.9 seconds. This trend also indicates that increasing
the pulse duration or removing the pulse altogether, could increase the maximum temperature
experienced by the coke sample during Spark Milling. As previously indicated, the linear
relationship developed by Daly (2006) can only be relied upon up to a temperature of 1873K
(1600°C) and therefore coke sample temperatures calculated for vibration amplitudes between
0.4 and 0.6 cannot be considered reliable. This limitation is discussed further in Section 4.5.5.
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4.5.5 Spark Mill characterisation and coke graphitisation discussion

Across the range of Spark Milling set points tested in this study, the following Spark Milling
variables were found to produce the greatest extent of coke graphitisation and also indicate the
greatest temperatures experienced by the coke particles;
•

Spark Milling Duration: 12 and 20 minutes

•

Spark Milling Current Intensity: 0.8 mA

•

Spark Milling Vibration Amplitude: 0.4

•

Spark Milling Pulse Duration: 0.9 seconds

The trends reveal further information about each variable and suggest that if set points in
between or outside the range of values tested in this work were tested, the following optimal set
points for coke graphitisation and possibly other reaction types would lie in the following ranges;
•

Spark Milling Duration: Between 8 and 12 minutes. Extending milling durations beyond
the optimum value will produce the same extent of graphitisation but waste energy.

•

Spark Milling Current Intensity: No limit. Increased currents will lead to an increased
extent of coke graphitisation.

•

Spark Milling Vibration Amplitude: An optimum vibration amplitude lies between a set
point of 0.2 and 0.5

•

Spark Milling Pulse Duration: Between 0.9 and 1.0 seconds. Results indicate that there is
no benefit of the pulse for coke graphitisation and that having a set point of 1.0 seconds,
which means no pulsing of the electrical current, will produce the greatest extent of
graphitisation.

Coke used in this study was taken from the same batch used by Daly (2006) and Fitzpatrick
(2006). Fitzpatrick determined Lc values of unreacted coke samples taken from this batch to be
between 2.16 and 2.33 nm. These values are consistent with the Lc calculation of 2.21 nm for the
starting coke powder used in this study, giving confidence that the procedure used in this study
to calculate Lc was accurate and that the linear relationship between Lc and temperature
developed out of these authors work on coke graphitisation can be applied to these Spark Milling
experiments up to temperatures of 1873K (1600°C).
Some points of caution in interpretation of these results warrant discussion here. Firstly, the
relationship used to estimate the temperature during Spark Milling was established in a study
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where coke was graphitised by heat treatment only. The presence of electrical and mechanical
phenomena in addition to application of heat during Spark Milling means that different
graphitisation mechanisms may have been involved.
The other point of concern, which was flagged in Sections 4.5.1 to 4.5.4 is that temperatures
calculated from many of the coke graphitisation experiments are above 1873K (1600ºC) which is
the maximum temperature investigated by Daly (2006). Further to this point, it is very likely that
the linearity of this relationship cannot be extrapolated to higher temperatures as studies which
have extended beyond 1873K (1600ºC), such as that by Dubrawski et al (1982), indicate that the
relationship between heat treatment temperature and Lc becomes non-linear and more
exponential in nature at higher temperatures (Figure 4.35). This corresponds with Marchand’s
graphitisation model discussed in Section 2.6.2. This model indicates that different structural
ordering mechanisms operate in the ranges 1373-1873K (1100-1600ºC) and 1873-2273K (16002000ºC). A higher degree of structural ordering occurs in the range of 1873-2273K (16002000ºC) and therefore it can be expected that a higher rate of increase in Lc with temperature
would be experienced at this higher temperature range. The implication of this is that
extrapolating the linear relationship in Equation 2.19 above 1873K (1600ºC) may result in an
overestimation of the actual temperature experienced by the coke during processing (Daly,
2006), as illustrated by Figure 4.35.
With these two points in mind, the calculated temperatures above 1873K (1600°C) cannot be
considered reliable indicators of the temperature experienced by coke during Spark Milling and
can only be used as indicators or estimates of temperatures.

Figure 4.35: Schematic diagram demonstrating the potential for over estimation of
coke thermal history by extrapolating the Lc vs temperature relationship to
temperatures above 1600ºC (Daly, 2006)
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5
CONCLUSIONS
The following conclusions can be drawn from the experimental study of Spark Milling
Steelmaking fluxes;
•

Spark Milling limestone (CaCO3) in air induces calcination of the limestone to lime
(CaO) in 10 to 15 minutes

•

Spark Milling dolomite (Ca,Mg[CO3]2) in air induces calcination of dolomite to doli (
(MgO and CaO) in 10 to 15 minutes

•

Spark Milling a mixture of limestone (CaCO3) and hematite (Fe2O3) in air induces
calcination of the limestone component to lime (CaO) and synthesis of dicalcium ferrite
(2CaO.Fe2O3) in 10 to 15 minutes

•

A 1:10 ratio of hematite (Fe2O3) to limestone (CaO) is insufficient when synthesising
ferruginous lime using fine powders to produce an even coverage of dicalcium ferrite
(2CaO.Fe2O3) over the lime particles, due to the higher specific surface area, when
compared to conventional Steelmaking flux stone sizing

The following conclusions can be drawn from the experimental study of Spark Milling
metallurgical coke over a range of Spark Mill set points;
•

Spark Milling metallurgical coke in an atmosphere of flowing argon induces the process
of coke graphitisation

•

The degree of coke graphitisation as measured by the average coke crystallite height (Lc),
increases with increased Spark Milling duration but reaches a maximum duration beyond
which further Spark Milling does not induce further graphitisation. This maximum
occurred between 8 and 12 minutes of Spark Milling duration for the set points used in
this set of experiments
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•

The degree of coke graphitisation as measured by the average coke crystallite height (Lc),
increases with increased Spark Milling current intensity

•

The degree of coke graphitisation as measured by the average coke crystallite height (Lc),
reaches a maximum at an optimum Spark Mill vibration amplitude which occurs between
0.2 and 0.5 units for the set points used in this study

•

The degree of coke graphitisation as measured by the average coke crystallite height (Lc),
increases with increased Spark Milling electrical pulse duration.

•

Converting the average coke crystallite height (Lc) to a temperature was not able to be
used as an estimate of the temperatures achieved during Spark Milling, as the linear
relationship between temperature and Lc developed by Daly (2006) was only established
up to a temperature of 1873K (1600°C) and Spark Miling temperatures extend beyond
this temperature. The linearity of this relationship cannot be relied upon beyond 1873K
(1600°C) as the mechanism of graphitisation changes above this temperature.

Therefore this study has extended the range of reaction types able to be induced by Spark
Milling to include calcination of carbonates and graphitisation of metallurgical coke. In addition
this study has quantitatively characterised the impact of four key Spark Milling set points using
the average coke crystallite height (Lc) but extension of this to a Spark Milling temperature could
only be used as an indicator for those temperatures above 1873K (1600°C).
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6
RECOMMENDATIONS FOR FURTHER STUDY
From this study, it is recommended that the following further work be undertaken to progress the
application of Spark Milling towards commercial minerals processing.
1. Calculate the energy consumption and efficiency of the Spark Milling technique. The energy
efficiency of Spark Milling is a key parameter required to establish the economic viability of
this process and facilitate comparison to already established minerals processing techniques.
It can be expected that the efficiency of Spark Milling would improve with scale up in
capacity. This investigation requires three steps;
a. Measurement and calculation of the specific energy used to induce a selected reaction
during Spark Milling. Energy inputs are the vibrating mill base and the electrical
discharge.
b. Comparison of the specific energy to the thermodynamic requirements for the
selected reaction
c. Comparison of the specific energy from Spark Milling to the specific energy of the
selected reaction in a state of the art reactor used to induce the same reaction in
industrial environments.
2. Investigate the performance of a Spark Mill scaled up in capacity. A larger capacity
laboratory Spark Milling cell has already been constructed. Testing of the new mill will need
to address a number of questions to give an indication of the possibility of developing a
Spark Milling unit capable of processing very large quantities of minerals. Some of these
questions are;
a. Is there a practical limit to the size of a Spark Milling cell able to be used in the
current batch processing configuration?
b. What modifications are required to the power supply to facilitate a larger Spark
Milling reactor?
c. Does the energy efficiency of Spark Milling improve with increased milling capacity?
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3. Conduct further experimentation of synthesis of ferruginous lime by Spark Milling with
higher hematite to limestone ratios than 1:10 to establish the optimum ratio to facilitate an
even coating of dicalcium ferrite forming over the calcined lime powder. Taking into
consideration the specific surface area of the limestone flux used by Lee et al (2001) as
compared to the specific surface area of the powdered limestone used in this study will give
an approximate solution as to the optimum ratio.
4. Test the hypothesis that the rate limiting step during calcination of the carbonates limestone
(CaCO3) and dolomite (Ca,Mg[CO3]2) is transport of the evolved CO2 gas away from the
reaction interface, by Spark Milling these materials over a range different air flow rates
through the Spark Milling device, with all other variables fixed.
5. Conduct another Spark Milling experiment of coke graphitisation with the same set points
used in this study, but with no electrical pulsing (continuous current) to test the hypothesis
that the pulsed nature of the Spark Mill has no value for the application of coke
graphitisation.
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APPENDIX A
XRF ANALYSIS OF METALLURGICAL COKE

Metallurgical Coke:

X07/0432/2

Analysis By:

BlueScope Steel Central Laboratory, Port Kembla

A

APPENDIX B
CHEMICAL ANALYSIS OF LIMESTONE

B

APPENDIX C
CHEMICAL ANALYSIS OF DOLOMITE

C

APPENDIX D
CHEMICAL ANALYSIS OF HEMATITE IRON ORE FINES

Whyalla Blended Fines
Analysis Date: 26/07/2006

*

Lab Number:S06/194/26

Component

wt.%

Method

Ag

0.00005

ICP - MS

Al2O3

1.96

XRF

As

0.0007

ICP - MS
ICP - OES

B

0.0020

Ba

0.013

XRF

Be

0.00011

ICP - MS

Bi

0.00003

ICP - MS

Br

0.0002

IC

C (TOTAL)

0.05

Total Combustion

CaO

0.04

XRF

Cd

0.00005

ICP - MS

Cl

0.082

XRF

Co

0.0020

ICP - OES

Cr

0.011

XRF

Cu

0.0050

ICP - OES

CxHy

0.01

OI

CN

0.0005

WL

F(total)

0.1400

WL

Fe

62.99

ICP - OES

FeO

0.1

Wet Chem

Hg

0.000010

ICP - MS

I

0.00025

NMI

K2O

0.01

ICP - OES

LOI

1.97

XRF

MgO

0.27

XRF

Mn

0.36

XRF

Mo

0.00010

ICP - MS

N (TOTAL)

0.0035

NMI

NH3

0.0015

WL

NO2

0.0001

IC

NO3

0.0006

IC

Na

0.05

ICP - OES

Ni

0.0025

ICP - OES

P

0.069

XRF

Pb

0.0027

ICP - MS

S

0.033

XRF

Total S

0.05

Total Combustion

SO4 2-

0.0542

IC

Sb

0.00008

ICP - MS
ICP - MS

Se

0.0005

SiO2

4.61

XRF

Sn

0.00005

ICP - MS

TiO2

0.21

XRF

V

0.019

XRF

Zn

0.0040

ICP - OES

*Analysis and sample provided by Bluescope Steel
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CROSS SECTIONED SEM
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APPENDIX K
CROSS SECTIONED SEM X-RAY ELEMENTAL MAPPING
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APPENDIX M
CROSS SECTIONED SEM X-RAY ELEMENTAL MAPPING
FERRUGINOUS LIME SPARK MILLED FOR 5 MINUTES IN AIR
SE

250X

50µm

EDS Mapping Ca

EDS Mapping Fe

M

APPENDIX N
PARTICLE SURFACE SEM
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APPENDIX T
SECONDARY ELECTRON SEM
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SECONDARY ELECTRON SEM
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SECONDARY ELECTRON SEM
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